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Autonomous vehicles (AVs) differ significantly from traditional passenger 
vehicles in both their behavior and physical characteristics. As such, the validity of the 
guidance provided in the Manual for Assessing Safety Hardware, Second Edition (MASH 
2016) is questionable in AV applications. Impact conditions specified in MASH 2016 are 
inextricably linked to the traditional vehicles underlying the estimates. For AV 
applications, conditions must be estimated from the ground up, stepping outside the 
guidance of MASH 2016. Herein, a method for evaluating existing infrastructure to 
support AV traffic is proposed. The method integrates traditional structural analyses with 
unconventional methods of estimating impact conditions. This methodology was 
developed for the Jacksonville Transportation Authority, who, when faced with unique 
challenges in maintaining and expanding their Automated Skyway Express, opted to 
convert the system from monorail to AV traffic. Leading AV developers were surveyed 
to develop a portfolio of potential candidates for the conversion. Then, estimated impact 
conditions were compared against the capacity of the system’s existing bridge rails. 
Ultimately, safe operating speeds for each AV candidate were recommended on the bases 
of structural capacity and vehicle stability. Although the methodology was developed for 
a particular case, it is applicable to future implementations of AVs on existing 
infrastructure, provided the roadway is confined similarly to the Skyway track. 
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LIST OF TERMS 
(In order of appearance) 
Rw,cont = Lateral capacity of barrier in yield-line mechanism in a continuous barrier 
segment (kips) 
Rw,joint = Lateral capacity of barrier in yield-line mechanism at an end region at expansion 
joint (kips) 
Lc,cont = Critical length of yield-line mechanism in a continuous barrier segment (ft) 
Lc,joint = Critical length of yield-line mechanism at an end region at expansion joint (ft) 
Lt = Length of load application along longitudinal axis of barrier (ft) 
Mb = Vertical-axis bending capacity of any beam-type element along barrier height, 
excluding any component capacity included in Mw (kip-ft) 
Mw = Vertical-axis bending capacity of barrier, excluding any component capacity 
included in Mb (kip-ft) 
Mc = Longitudinal-axis, cantilever bending capacity of barrier (kip-ft/ft) 
H = Height of yield-line mechanism, measured from the corner of the “v” mechanism 
to the top of the barrier (ft) 
Himp = Height at which the lateral impact load is applied (ft) 
φ = Resistance factor 
bo,cont = Punching shear critical perimeter for continuous barrier segments (in.) 
bo,joint = Punching shear critical perimeter for end regions of barrier (in.) 
dv = Distance from impacted barrier face to the centerline of the rear longitudinal 
steel (in.) 
Vc = Shear strength of concrete barrier in punching shear mechanism (kips) 
K = Concrete shear strength coefficient modifier 
λ = Lightweight concrete factor 
fc' = 28-day concrete compressive strength (ksi) 
Vni = Shear strength of barrier-to-deck interface (kips/ft) 
c = Cohesive strength of concrete (ksi) 
Acv = Area of concrete spanning barrier-to-deck interface (in.
2/ft) 
μi = Shear interface coefficient of friction 
Avf = Area of vertical steel spanning barrier-to-deck interface (in.
2/ft) 
fy = Yield strength of steel reinforcement (ksi) 
Pc = Sustained compressive force acting across barrier-to-deck interface (kips/ft) 
M1-1 = Impact load moment demand acting at Design Section 1-1 (kip-ft/ft) 
M2-2 = Impact load moment demand acting at Design Section 2-2 (kip-ft/ft) 
Wb = Weight of barrier (kips/ft) 
Ws = Weight of deck overhang slab (kips/ft) 
Wws = Weight of wearing surface (kips/ft) 
Msw,1-1 = Self-weight moment acting at Design Section 1-1 (kips/ft) 
Msw,2-2 = Self-weight moment acting at Design Section 2-2 (kips/ft) 
D = Distance from Design Section 1-1 to Design Section 2-2 (ft) 
θ = Angle of longitudinal shear lag load distribution from Design Section 1-1 to 
Design Section 2-2 (degrees) 
T1-1 = Impact load thrust demand acting at Design Section 1-1 (kips/ft) 
T2-2 = Impact load thrust demand acting at Design Section 2-2 (kips/ft) 
Mint,i = Moment capacity of deck overhang, penalized for impact load thrust (kip-ft/ft) 
Mn,i = Nominal moment capacity of deck overhang (kip-ft/ft) 
 
 
Tmax = Capacity of deck overhang in pure tension (kips/ft) 
G = Height of vehicle center of gravity (in.) 
W = Vehicle weight (kips) 
B = Vehicle out-to-out wheel spacing (in.) 
Hcritical = Barrier height required to prevent vehicle instability (in.) 
Hoverlay = Height of applied asphalt overlay (in.) 
M = Overturning moment generated during impact, acting about impacting tire line 
(kip-ft) 
m = Vehicle mass (slugs) 
g = Gravitational constant (fps/s) 
θcon,straight = Confined AV impact angle on straight segment (degrees) 
θcon,curve = Confined AV impact angle on curved segment (degrees) 
θfree,straight = Unconfined AV impact angle on straight segment (degrees) 
θfree,curve = Unconfined AV impact angle on curved segment (degrees) 
Wtrack = Clear width of track between bridge rails (ft) 
Lv = Length of vehicle (ft) 
Wv = Width of vehicle (ft) 
V = Vehicle velocity (fps) 
Rin = Inner curve radius, measured to face of inside bridge rail (ft) 
Rout = Outer curve radius, measured to face of outside bridge rail (ft) 
Rmin,f = Minimum turn radius governed by tire-to-pavement friction (ft) 
Rmin,AV = Minimum turn radius able to be tracked by an AV (ft) 
Radj = Adjusted turn radius corresponding to vehicle’s inner tire path (ft) 
Δcurve = Deflection angle of outer curve (degrees) 
Δturn = Deflection angle of AV turning circle swept before impact (degrees) 
AL = Longitudinal distance from front of vehicle to center of gravity (ft) 
Db = Deflection of barrier during vehicle impact (in.) 
Δt = Time duration between vehicle first impact and vehicle parallel time (sec) 
Glat,avg = Average lateral deceleration of vehicle center of gravity between first impact and 
vehicle parallel time (fps/s) 
Flat,avg = Average lateral force associated with average lateral deceleration of vehicle 
(kips) 
Flat,peak = Peak lateral force exerted on the barrier during vehicle impact sequence (kips) 
Jlat = Lateral impulse of vehicle impact event with barrier (kip-seconds) 
ρi,lat = Incoming, pre-impact lateral vehicle momentum (slug-fps) 
ρf,lat = Outgoing, post-impact lateral vehicle momentum (slug-fps) 
vi,lat = Incoming, pre-impact lateral vehicle velocity (fps) 
vf,lat = Outgoing, post-impact lateral vehicle velocity (fps) 
θimp = Vehicle impact angle (degrees) 
vstrength = Safe AV operating speed limited by structural capacity of system (mph) 
vstability = Safe AV operating speed limited by vehicle stability (mph) 
vcurve = Safe AV operating speed limited by tire friction (mph) 
vAV = Maximum mechanical operating speed limit of AV (mph) 







The Automated Skyway Express in Jacksonville, Florida, has provided riders with 
connectivity and accessibility across the city’s urban core for nearly 30 years. In the 
system’s current state, ten monorail trains operate on an elevated deck 20-40 ft above the 
streets of Downtown Jacksonville and across the St. Johns River (Figure 1). As the 
system ages, train repairs grow increasingly costly; the Skyway vehicles have aged to the 
point at which their parts can no longer be replaced. Additionally, as the city and its 
population grow, demand on the system grows with them – newly built attractions and 
expanding neighborhoods in the downtown area are not yet serviced by the monorail. 
While expansion to these locations would greatly increase the utility of the system, the 
costs associated with constructing miles of elevated guideway to support a heavy 
monorail train are anticipated to be high. These obstacles present a daunting challenge for 
the Jacksonville Transportation Authority (JTA) to maintain the Skyway. With the 
emergence of new technology, however, a unique opportunity to modernize this existing 
infrastructure has arisen.  
Rather than replacing the monorail trains with new, updated models, JTA has 
opted for a more novel solution to the problems facing the Skyway. A fleet of 
autonomous vehicles (AVs), more akin to traditional passenger vehicles than to large 
trolley-style train cars, are planned to be implemented on the Skyway. The guide beam on 
which the current monorail trains travel will be removed, and the surface of the Skyway 
will be overlaid to provide the AVs with a smooth running surface, as shown in Figure 2. 
The conversion from monorail train to AV traffic will be accompanied by many 
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significant benefits. Due to the increased number of vehicles, station arrival frequency 
will increase, reducing rider wait times. Construction costs associated with Skyway 
expansion will be reduced as well, increasing the practicality of system additions. AVs 
are 60-80 percent lighter than the current trains, allowing for the use of more lightweight 
support structures for future expansions. Additionally, the AVs require a less 
sophisticated deck structure to operate – whereas the monorail trains require guide beams 
and track switching mechanisms, AVs require only a paved surface. Lastly, as technology 
progresses further, the AVs will be able to leave the elevated avenue and join ground-
level traffic, greatly expanding the reach of the transit system – a feat that would have 
been impossible for the current vehicles [1]. 
While the conversion to AV traffic brings with it several benefits, it also 
introduces a key safety concern. The concrete barrier present on the Skyway was not 
constructed with vehicle impacts in mind. When the barrier was designed, the Skyway 
vehicle was a 40,000-lb train restricted to a track. Impact between the train and the 
barrier was virtually impossible, and constructing a barrier sufficient to contain an errant 
monorail train would have been impractical regardless. Because of this, the barrier on the 
Skyway was not designed to be crashworthy according to common current or previous 
roadside safety standards (Manual for Assessing Safety Hardware, Second Edition 
(MASH 2016) [2]; NCHRP Report 350 [3]; NCHRP Report 230 [4]). In the planned 
conversion, an existing concrete barrier not designed to withstand vehicle impact will be 
required to act as a critical roadside safety barrier. Thus, an original and unconventional 





 Figure 1. Automated Skyway Express in Jacksonville, FL 
 
Figure 2. Typical Skyway Cross-Section  
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An AV impact scenario is unlikely, but it is certainly possible. As of 2013, 
Google’s self-driving cars had driven more than 500,000 miles with no accidents caused 
by the navigation technology. However, these vehicles were piloted by human operators 
trained to take control in non-ideal conditions, such as construction zones and inclement 
weather [5]. According to statistics released by Google, the company’s self-driving cars 
in California would have crashed a minimum of thirteen times had their human pilots not 
taken control [6]. While both statistics indicate that AVs are less likely to fail than a 
human driver, it is important to note that the vehicles in these cases were new, neglecting 
the effects of age on the AV. Anderson et al. [5] noted that sensor malfunction due to 
electrical failure or physical damage becomes more likely with age, increasing the 
likelihood of a crash if the malfunction is not detected and repaired. Unfortunately, 
detecting an inadequately performing sensor is challenging. Additionally, AVs may be 
open to cyberattacks [5]. AVs cannot be expected to navigate perfectly in all situations 
and for all time – as such, impact scenarios must be anticipated and analyzed. In addition 
to uncertainties involving AV navigation, very little is known about the structural crash 
behavior of AVs. At the onset of this investigation, no crash tests involving AVs were 
identified. The Skyway conversion was faced with a significant information deficit: 
neither the crashworthiness of the barrier nor the vehicles was known. 
1.2 Objective 
To ensure the safety of AV passengers and of pedestrians, drivers, and structures 
below the Skyway, a thorough evaluation of the existing barrier and AV candidates was 
necessary. By establishing safe operating speeds for AV candidates at and under which 
the existing barrier is sufficient, the financial and social impact of a barrier collision can 
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be greatly reduced. Safe operating speeds were recommended, corresponding to 
combinations of AV mass and geometry, barrier geometry and construction, and Skyway 
layout. The recommended speeds are intended to mitigate the risk of the vehicles leaving 
the Skyway, a scenario that would almost certainly prove fatal for passengers, and to 
reduce the risk of serious structural failure, which could cause dangerous debris to fall 
from the Skyway onto vehicles and pedestrians below. 
1.3 Scope 
Safe operating speeds were determined as the minimum of several possible 
limiting speeds: (1) the maximum operating speed capability of the AV, (2) the maximum 
speed at which the vehicle could navigate the sharpest curve on the Skyway, governed by 
friction, (3) the critical speed at which the barrier height is not sufficient to ensure vehicle 
stability, and (4) the critical speed at which the estimated impact force exceeds the barrier 
or deck structural resistance. Most generally, safe AV operating speeds were dictated by 
the relationship between the existing Skyway structure and the characteristics and 
dimensions of the AV. The results provided herein are specific to a roadway with a 
constant clear width of 9 ft – 7 in. and particular curve radii. Also, the discussion 
considers eleven AV candidates identified through a short market study. The general 
methodology, however, is applicable to a variety of roadway clear widths and curve radii, 
and to other AVs not specifically considered herein. It is important to note that the 
objective of this study was not to recommend any one AV supplier, but to provide insight 
into the operational limits of various AV selections with respect to crashworthiness. 
6 
 
2 AV DEVELOPER SURVEY 
To obtain the AV dimensions required in the proceeding methodologies, a short 
study was undertaken to identify developers with AVs currently on the market and ready 
for implementation. These companies were then surveyed to obtain pertinent physical 
characteristics, such as lengths, widths, weights, and center of mass locations, required to 
determine safe operating speeds. The requested parameters were necessary in order to 
estimate impact angles and impact forces, and to evaluate vehicle stability. Key 
parameters requested in the survey are illustrated in Figure 3. 
 
Figure 3. Key AV Dimensions 
2.1 Results – AV Developer Survey 
In all, eleven AV developers were surveyed. The results of the survey are 
collected in Table 1. For the purposes of this study, any vehicle can be described with 
four key parameters – length, width, height, and weight – that are pivotal for estimating 
impact angles, impact forces, and required barrier heights. Fortunately, these values are 
easy to obtain. The remaining four parameters – distance from front to center of mass, 
out-to-out wheel spacing, height of center of mass, and bumper height – are more 
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difficult to obtain from AV developers, as illustrated by the sparse columns in Table 1. 
These dimensions, however, can be estimated using existing dimensions and engineering 
judgment. By combining AV construction trends with the data collected in the survey, 
general rules for estimating these values were formed. These estimates are intended to be 
conservative, so as to capture virtually any vehicle with known general dimensions. 
Due to the scarcity of specific details beyond general dimensions provided by 
surveyed AV developers, assumptions were required to estimate safe operating speeds. 
Most AVs are symmetric about both their longitudinal and lateral centers. As such, it was 
anticipated that the center of mass of most AVs is located at half the vehicle length – an 
assumption confirmed by AV developer EasyMile [7]. Some vehicles, however, like the 
Pacifica Hybrid, share design principles with typical passenger vehicles. In the absence of 
a provided value from a manufacturer, the vehicle center of mass was assumed to be 
located at 40% of the vehicle length from the front bumper. This estimate is also intended 
to account for general uncertainty, such as passenger weight distribution within a vehicle, 
and is in line with typical characteristics of MASH-compliant vehicles [2]. Out-to-out 
wheel spacing, an important dimension for determining the rollover speed, was estimated 
to be 1 ft less than the overall width of the vehicle. This reduction was chosen to 
conservatively envelope survey responses. The height of the vehicle center of mass was 
estimated to be at 40 percent of the overall vehicle height. This estimate is believed to be 
particularly conservative, because the weights and centers of gravity for AVs are 
disproportionately influenced by heavy batteries that are often installed at a low height 
beneath the passenger compartment. However, due to the sensitivity of the critical 
rollover speed to this dimension, an estimate with a very small likelihood of being 
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exceeded was desired. The front bumper height estimate was set at 2 ft to contain the 
maximum value reported in the developer survey.  Bumper heights were generally not 
provided by developers in the survey, so all AVs were assumed to have the same front 













































































































































































































































































































































































































































































































































































































































































3 ANALYSIS OF EXISTING SKYWAY STRUCTURE 
The structural capacity of the Skyway barrier and deck was a key consideration in 
determining safe operating speeds for the AVs. To estimate the structural capacity, the 
system’s as-built plans were examined, and analyses were performed to assess applicable 
limit states. The existing Skyway was constructed in five phases: Starter Line (1987) [8], 
North Line (1991) [9], River Line (1994) [10], O&M Line (1997) [11], and South Line 
(1998) [12]. As the typical details for the various phases incorporated slightly varying 
geometric and structural characteristics, each line was analyzed separately. 
3.1 Review of As-Built Plans 
All considered barrier sections on straight and curved segments are shown in the 
first column of Figures 4 and 5, respectively. The typical barrier section on the Skyway is 
a 28.75-in. tall solid concrete parapet with a widened base [10]. The section is reinforced 
with nine No. 5 steel bars running longitudinally, two No. 5 bars that extend vertically 
into the barrier from the deck at 6-in. spacing, and a No. 4 bar bent into a “U” shape near 
the barrier top at 6-in. spacing. A 1.5-in. concrete cover is typical, and it was assumed 
that the cover is measured from the innermost point of any chamfers. This barrier section 
is found on the River, O&M, and South Lines, and is referred to as “barrier A.” On the 
remaining two lines, the barrier varies slightly in dimensions and reinforcement. Barrier 
sections B-1 and C-1 are found on straight segments of the Starter Line and North Line, 
respectively. Barrier B-1 is slightly shorter than the typical barrier, at 28.5 in., and 
features a different reinforcement pattern. In this section, vertical bars are spaced at 7 in., 
and longitudinal bars are No. 6 rebar. Barrier C-1 is identical to B-1 in its overall 
dimensions, but longitudinal reinforcement configurations vary between the two sections. 
11 
 
Along the outer edge of curved segments on the Starter Line and North Line, the 
barrier section gradually transforms into an alternative section before reverting to the 
straight section as the curve terminates. This section is taller, with a height 30.75 in., and 
is slanted inward toward the roadway – the overall depth of the barrier is reduced by 
1.125 in. over its height. Barrier sections B-2 and C-2 are found on the outer faces of 
curved segments on the Starter Line and North Line, respectively. Generally, these 
sections feature the same reinforcement patterns as their straight-segment counterparts. 
Barrier B-2, however, loses a longitudinal bar in its transition, leaving it with eight bars. 
It should be noted that inner and outer barriers differ on curves. Inner sections on curves 
are shorter and slanted away from the roadway. These sections were not analyzed, 
however, as impacts with the inner face of a curve are considered unlikely and would 
likely be subjected to less severe impact angles.  
Barrier construction is uniform along any particular curved or straight portion of 
each Line, and expansion joints on the Skyway are not treated or doweled in any way. As 
such, the capacity of the barrier is weakest near expansion joints. In this analysis, 
expansion joints were treated as end conditions – that is, at an expansion joint, the 









Figure 5. Existing Skyway Barrier Sections (Curved Segments) 
The Skyway deck sees fewer significant changes between different lines. The 7-
in. thick deck is reinforced with two mats of #5 bars which see minor variations in 
spacing ranging from 6 in. to 7 in. throughout the system. The extension of vertical bar 
hooks into the deck varied between lines, as shown in Figures 4a and 4c. Unlike the 
barriers of the Starter Line and North Line, the deck is constant between straight and 




Figure 6. Typical Skyway Deck Reinforcement 
3.2 Methodology – Analysis of Existing Structure 
Four main types of failure related to the existing structure were considered. 
Firstly, the barrier could fail with a flexural yield line mechanism (consistent with 
AASHTO LRFD Section 13 [13]), with yield lines forming about the impact point. 
Additionally, the barrier could fail in shear, either in punching shear about the impact 
point or at the deck-to-barrier interface below the impact point. Thirdly, the deck could 
fail in cantilever bending induced by impact loads exerted on the barrier and transferred 
to the deck. Lastly, AVs could roll over the barrier if it is not sufficiently tall. Analysis 
summaries are provided herein, and detailed analyses of the barrier and deck are found in 
Appendices A, B, and C. 
3.2.1 Barrier Capacity in Flexure 
The critical load for out-of-plane barrier flexure, Rw, was estimated via yield-line 
analysis. Critical loads are dependent upon the height of the barrier, the flexural capacity 
about the vertical axis (Mw), and the flexural strength about the longitudinal axis (Mc). In 
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the typical yield-line mechanism for a continuous barrier segment (Figure 7), two yield-
lines extend diagonally upward from a point at the base of the barrier, forming a V-notch 
about which steel yielding occurs. The critical load is determined via Equations 1 and 2, 
coinciding with AASHTO Equations A13.3.1-1 and A13.3.1-2: 
 
Rw,cont. = ( 
2
2Lc − Lt


















  (2) 
 
wherein Rw,cont. is the capacity of an interior section of barrier (kips), Lc,joint is the critical 
length of the interior yield-line mechanism (ft), Lt is the load application length (ft), Mb is 
the vertical-axis bending capacity of any top-of-barrier beam (k-ft), Mw is the vertical axis 
bending capacity of the barrier (k-ft), Mc is the longitudinal-axis bending capacity of the 
barrier (k-ft/ft), and H is the height of the yield-line mechanism. 
 
Figure 7. Typical Yield-Line Mechanism in Continuous Barrier Span 
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At expansion joints, where the barrier acts as a free end, only one yield-line can 
form, resulting in a reduced flexural strength (Figure 8). The critical flexural load for free 
ends is calculated in Equations 3 and 4, which coincide with AASHTO Equations 
A13.3.1-3 and A13.3.1-4: 
 
Rw,joint = ( 
2
2Lc − Lt


















  (4) 
 
wherein Rw,joint is the capacity of an end section of barrier (kips) and Lc,joint is the critical 




Figure 8. Typical Yield-Line Mechanism at Expansion Joint 
Additional yield-line mechanisms were analyzed in which the yield lines extend 
from the top of the barrier to the start of the wall thickness transition 7.5 in. above the 
deck surface, rather than from the deck surface. If the widened portion at the bottom of 
the barrier section were sufficiently strong to force the failure mechanism into the thin 
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wall, this yield-line mechanism would be expected. As such, this alternate mechanism 
was analyzed in continuous spans (Figure 9) and at expansion joints (Figure 10) using 
AASHTO equations A13.3.1-1 through A13.3.1-4 with modified flexural strength and 
barrier height values. 
 
Figure 9. Alternate Yield-Line Mechanism in Continuous Barrier Span 
 
Figure 10. Alternate Yield-Line Mechanism at Expansion Joint 
When evaluating barrier strength in flexure, AASHTO Section 13 recommends an 
Lt value of 4 ft for Test Levels 1 through 3. For the analysis of AVs in this study, 
however, Lt was conservatively reduced to 3 ft in lieu of AV crash testing documentation 
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or detailed AV impact simulations. From correspondence with an AV developer and 
observations of AV frame designs, it was assumed that AVs are generally more rigid than 
typical passenger vehicles. This suspected increase in rigidity would result in less vehicle 
crush and, consequently, a reduced Lt value, effectively reducing the capacity of the 
barrier. 
In a flexural yield line barrier mechanism, lines of yielding steel extend upward 
from a point at the base of the barrier to points at the top of the barrier. The yield line 
analysis must represent the variable strength along the yield lines. To account for 
variability in geometry and rebar embedment, the barriers were approximated with 
modular representations for flexural analysis. Each barrier type was divided into four 
subsections along its height, with division locations selected on the basis of barrier 
dimensions and reinforcement patterns. The top subsection, for example, was defined 
such that the lower boundary of the section coincided with the top end of the vertical No. 
5 reinforcement, so that the subsection could be analyzed accounting only for the strength 
contribution of the No. 4 bar. Simplified, modular sections are shown in the second 
columns of Figures 4 and 5. Dividing the barriers in this manner also allowed for the 
representation of the variable thickness of slanted barriers B-2 and C-2. Subsection 
thicknesses were determined as the average of the thicknesses at the top and bottom of 
each subsection. A more detailed explanation of the barrier simplification is presented in 
Appendix A. 
The vertical- and longitudinal-axis bending strengths of each doubly-reinforced 
subsection were estimated, with the latter evaluated at each subsection’s mid-height. For 
longitudinal-axis bending and for end-region vertical-axis bending, bar embedment 
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lengths were compared with required development lengths per ACI Chapter 12 [14]. The 
overall resistances of the barrier were then calculated for wall and cantilever bending as 
sums over the barrier height and weighted averages over the barrier height, respectively. 
The average of the positive (hinge between displaced elastic plate segments) and negative 
(hinge at transition to continuous barrier) bending strengths was used in the calculation of 
the continuous barrier strength, as both directions of bending occur in that yielding 
mechanism. In the calculation of the barrier strength at expansion joints, only the 
negative bending strengths were used.  
The resistances determined from AASHTO Section A13 correspond to an 
application of the lateral impact force, Ft, at the top of the barrier. For impacts applied at 
a lower height, referred to herein as Himp, the resistance of the barrier would be increased. 
The height at which the lateral load is applied has no effect on the shape of the yield-line 
mechanism that develops in the barrier. As such, regardless of the height of the applied 
load, the strain energy of the mechanism is constant. The work required to develop this 
mechanism is likewise constant and equal to the product of the impact force and the 
lateral deflection through which it acts. According to yield line theory for concrete plates, 
lateral deflection varies linearly from an arbitrary value at the top of the barrier to zero at 
the base of the barrier. Therefore, if the load is applied at a height lower than the top of 
the barrier, the deflection over which the force acts is reduced, and the magnitude of the 
force required to reach the work required to fail the barrier is increased. This relationship 
is demonstrated in Figure 5. 
The relationship between the barrier capacity and the impact height can be 
described with a height adjustment factor, which is quantified in Equation 5. Reff is the 
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effective capacity of the barrier, Rw is the capacity of the barrier assuming the load is 
applied at the top of the barrier, H is the height of the yield-line mechanism, and Himp is 
the height of the applied load above the base of the yield-line mechanism. It should be 
noted that, if the impact load is applied at a reduced height in the derivation of the yield-
line equations, the result of the derivation will be consistent with Equation 5.  
 






Figure 11. Yield-Line Critical Flexural Load Scaling with Impact Height 
It should be noted that, per AASHTO Section 5.5.4.2, a resistance factor of 0.90 
was applied to the barrier flexural resistance. For extreme limit states, AASHTO allows a 
resistance factor of 1.0 to be used, but the 0.9 factor was used to obtain a conservative 
estimate. 
3.2.2 Barrier Capacity in Shear 
Two shear failure mechanisms were analyzed – punching shear failure of the 
barrier and shear friction failure at the barrier-to-deck interface. Per ACI 318-14 Table 
21.2.1, a resistance factor of 0.75 was applied to both nominal shear strengths [14]. For 
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extreme limit states, AASHTO allows a resistance factor of 1.0 to be used, but the 0.75 
factor was used to obtain a conservative estimate. 
3.2.2.1 Punching Shear Capacity 
When a concrete parapet fails in punching shear, a block of concrete surrounding 
the impact region is punched backward, slipping past the surrounding concrete along a 
critical perimeter, as demonstrated in tests performed by Alberson [15], Williams [16], 
and Frosch & Morel [17]. Physical testing shows that as the failure surface penetrates the 
barrier, it fans outward in all directions at 45 degrees – at the front face, the failure 
surface is coincident with the loaded region, but at the back face, the failure surface is 
offset from the loaded region by the depth of the barrier on all sides. Per AASHTO 
Section A13.4.3.2, the critical perimeter of the failure surface is approximated as the 
perimeter of the loaded region offset by half the barrier depth in all directions (Figure 
12). Expressed numerically, punching shear critical perimeters for continuous (bo,cont.) 
and free-end (bo,joint) barrier segments are shown in Equations 6 and 7, respectively. 
  
Figure 12. Punching Shear Behavior (Adapted from [13]) 
 
bo,cont. = Lt + 2(
dv
2






bo,joint = Lt + (
dv
2




wherein dv is the depth from the impacted face of the barrier to the rear longitudinal steel. 
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The expected failure surface differs between continuous and free-end barrier 
segments. In continuous spans, punching shear is resisted by two vertical planes and one 
horizontal plane (Figure 13).  
  
Figure 13. Punching Shear Mechanism in Continuous Barrier Span 
At expansion joints, however, one vertical plane of resistance is lost, and the 
anticipated punching shear failure surface forms an “L” shape, as shown in Figure 14. For 
this reason, the strength of the barrier in punching shear is significantly reduced at 
expansion joint locations. 
  
Figure 14. Punching Shear Mechanism at Expansion Joint 
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ACI 318-14 Table 22.6.5.2 [14] provides three equations for estimating punching 
shear strength of a slab-like concrete structure which follow the format of Equation 8: 
 ϕVc = ϕKλ√f′cbodv (8) 
wherein K is a coefficient modifier related to the loaded region dimensions, λ is the light-
weight concrete factor, and f’c is the concrete compressive strength (ksi). For the existing 
Skyway barrier, λ was assumed to be equal to 1.00. The compressive strength of the deck 
and barrier concrete is 5,000 psi and 4,000 psi, respectively [8]. The coefficient modifier 
K relates the loaded region’s geometry to the shear strength of the concrete and varies 
between 2 and 4, corresponding to one-way shear strength and ideal two-way shear 
strength, respectively.  
 Herein, AASHTO LRFD BDS Equation 5.13.3.6.3-1, which is typically applied 
to concrete slabs, was used to calculate the punching shear capacity of the barrier: 
ϕVn = (0.063 +
0.126
βc
)√f′cbodv ≤ 0.126√f′cbodv (9) 
in which βc is the aspect ratio of the rectangle through which the load is transmitted and 
fc’ is in psi. In this case, βc was calculated as the ratio of the length of the horizontal shear 
plane of the punching shear block to the length of the vertical shear plane of the punching 
shear block. As the impact height, Himp, was taken universally as the full height of the 
barrier, the height of the shear block was universally equal to one-half the shear depth, dv, 
and the corresponding βc value was 14.0. The corresponding K factor acting on the 
concrete shear strength was 2.3. Although AASHTO LRFD BDS recommends a 
resistance factor of 1.0 for extreme event limit states, the strength limit state shear factor 
of 0.75 was applied to the shear capacity of the barrier for added conservatism. 
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3.2.2.2 Shear Friction Capacity 
AASHTO Section 5.8.4.1 [13] advises that shear friction failure be considered at 
an interface between two concrete structures cast at different times. The Skyway barrier 
is part of a second concrete pour placed on top of a pre-cast double tee shape with flanges 
forming the Skyway deck. As the deck and barrier were not cast monolithically, shear 
friction failure at the interface between the two concrete components must be evaluated, 
as shown in Figure 15.  
 
Figure 15. Shear Friction Failure at Barrier-to-Deck Interface 
The shear friction capacity of the barrier-to-deck interface was estimated in 
accordance with Equation 10, which is AASHTO Equation 5.8.4.1-3:  
 ϕVni = ϕ[cAcv + μi(Avffy + Pc)] (10) 
 
in which c is the concrete cohesion factor, Acv is the area of concrete engaged in the 
interface, Avf is the area of steel reinforcement spanning the interface, fy is the yield stress 
of the bridging reinforcement, 60 ksi, Pc is the net compressive force on the interface, and 
µ is the effective coefficient of friction at the interface. It should be noted that, in the 
calculation of the shear friction capacity, the effect of compressive forces and concrete 
cohesion across the interface was considered negligible. AASHTO Section 5.8.4.3 
recommends a coefficient of friction equal to 0.6 is used for normal-weight concrete 
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placed against concrete without intentional scoring and free of laitance. Calculations of 
shear friction capacity are presented in Appendix B. 
3.2.3 Deck Capacity in Flexure 
The flexural capacity of the deck was evaluated per AASHTO Section 4.6.2.1.6 
and AASHTO Section A13.4.1. Frosch & Morel [17], FHWA course no. 130081 [18], 
and several state DOT bridge design manuals recommend that decks be analyzed for 
negative flexure at two critical sections: the face of the parapet (Design Section 1-1) and 
at the supporting component (Design Section 2-2). Additionally, AASHTO recommends 
three design cases be analyzed. Considering the unique conditions on the Skyway and the 
conclusions of Frosch and Morel [17], AASHTO Design Case 1, which considers lateral 
impact loads, was deemed critical. AASHTO Design Case 2, which considers vertical 
impact loads, was evaluated but was found to not control in any scenario. To 
conservatively evaluate Design Case 2, the deck capacity was evaluated against the 
moment exerted on the deck overhang by the heaviest AV, the 2getthere GRT, resting 
entirely on the top face of the barrier. This procedure is shown in Appendix C4. 
AASHTO Design Case 3, which considers wheel loads occupying the overhang, was 
neglected, because the AVs are much lighter than an HL93 design truck, while the deck 
is similar to what is commonly used to carry highway loads.  
With downward transmission through the bridge rail, demands are typically 
considered to distribute at 45-degree angles from the longitudinal extents of the yield-line 
mechanism, as shown in Figure 16. In this distribution pattern, the lateral impact demand, 
which is bounded by the lateral barrier resistance, Rw, is converted to a distributed 
overhang tension, T1-1, and a distributed overhang moment, M1-1, acting over a length L1-1 
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at Design Section 1-1. For end regions, distribution occurs in one direction only. This 
distribution pattern, which attempts to capture the shear lag mechanism that engages 
adjacent material as impact loads travel downward through the bridge rail, is 
recommended in the current guidance of the AASHTO LRFD BDS. Additionally, the 45-
degree distribution pattern is included in the design methodologies of the NHI LRFD for 
Highway Bridge Superstructures (Course No. 130081) [18] and several state bridge 
design manuals. 
 
Figure 16. Transfer of Barrier Moment Demands to Deck Section 1-1 
With inward transmission through the deck overhang from Design Section 1-1 to 
Design Section 2-2, demands further distribute longitudinally as they approach the 
supporting element. As shown in Figure 17, the demands at Design Section 1-1 are 
transmitted to a length L2-2 at Design Section 2-2, distributing longitudinally with an 
angle θ over the distance between the two design sections, D. For end regions, 
distribution occurs in one direction only. 
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The AASHTO LRFD BDS does not specify a distribution angle θ for lateral 
transmission. However, the NHI LRFD for Highway Bridge Superstructures (Course No. 
130081) [18] and several state DOT bridge design manuals suggest that a distribution 
angle of 30 degrees be used. Other state DOT bridge design manuals recommend a 
slightly broader distribution of loads, transmitting longitudinally at 45 degrees, rather 
than 30 degrees. Herein, a distribution angle of 30 degrees was conservatively assumed, 
as shown in Figure 17. The scenarios generating the critical moment demands at each 
design section are demonstrated in Figure 18. 
 
Figure 17. Transfer of Barrier Moment Demands to Deck Section 2-2 
                    
Figure 18. Demand on Critical Deck Sections 1-1 and 2-2 
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The resulting moment demands on Design Sections 1-1 and 2-2 were estimated 
using Equations 17 and 18, respectively, in which the diffused barrier demands are added 
to the moments produced by the self-weight of the structure. It should be noted that, as 
the barrier cannot transmit more moment to the deck than its own capacity, the non-




Lc + 2H 
Mc





Lc + 2H + 2Dtan(30
o)
+ Msw,2−2 (18) 
 
wherein Msw,1-1 and Msw,2-2 are the self-weight moments acting at each deck section from 
the weights of the deck slab, the barrier, and the wearing surface (k-ft/ft). Consistent with 
AASHTO guidance for extreme event limit states, component and wearing surface dead 
loads were left as their nominal values for this analysis. In this case, a normal-weight 
concrete and asphalt weighing 145 pcf was inferred.  
The flexural capacity of the deck was determined by estimating its nominal 
flexural capacity in pure bending and reducing it to account for the portion of lateral deck 
steel resisting the tension transferred to the deck by the barrier. Capacity estimates were 
made at the barrier face and support face sections. Lateral forces in the barrier were 
assumed to fan outward in the same manner as the barrier’s cantilever moment. Tensions 
sustained by the critical sections at the barrier face and support face, then, were 


















The results of Equations 18 and 19 were compared to the maximum deck tension, 
φTmax, that could be sustained by each critical section, determined as the factored tensile 
strength of the lateral deck steel on a per-foot basis. By approximating the deck section’s 
axial-moment interaction diagram with straight lines, a reasonable estimate for the 
reduced deck capacity accounting for lateral tension was produced (Equation 20): 
 





The reduced, factored flexural capacity of Skyway deck sections, φMs, were 
compared to each corresponding ultimate flexural demands, M1-1 or M2-,2. Example 
calculations of the critical section demands and deck capacity in flexure are presented in 
Appendix C. 
 As previously stated, deck demands are limited by the base capacity of the barrier. 
As such, if the deck can withstand moments greater than the capacity of the barrier, the 
deck does not need to be evaluated for each AV impact scenario, but can instead be 
considered capacity protected and adequate for any impact scenario. In this case, the deck 
capacity at both Design Sections is greater than the base bending capacity of the barrier at 
all points along the Skyway. Therefore, the Skyway overhang can be considered 
universally adequate and will not govern the operating speed of any AV. 
3.2.4 Barrier Height 
When a vehicle impacts a barrier, the stability of the impacting vehicle must be 
considered. A couple is formed by the lateral force of the impacting vehicle, which acts at 
the height of the vehicle center of mass, and the resistance of the barrier, which, for a 
concrete barrier, is assumed to act at the top of the barrier. This couple, which increases 
with the difference between the vehicle center of gravity height and the barrier height, 
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encourages vehicle override and is resisted by the weight of the vehicle. An equation for 
determining the barrier height needed to ensure that all four wheels stay in contact with 
the ground is provided by Owings [19]. Two additional height requirements to prevent 
vehicle rollover and vehicle override are provided by Owings, as well. The barrier height 
stipulated in AASHTO Section A13 is a near-direct rearrangement of the first, strictest 
equation provided by Owings. The AASHTO requirement, then, stipulates that the 
overturning moment of the vehicle about the impact-side tires is balanced by the weight 
of the vehicle (Figure 19). As such, the AASHTO requirement is certainly conservative, 
in the sense that it is considering the risk of wheel lift, rather than complete rollover or 
override. The barrier height requirement for vehicle stability (Hcritical) presented in 
AASHTO is Equation 21, which coincides with equation A13.2-1:  
 





wherein G is the height of the vehicle center of mass (in.), W is the vehicle weight (kips), 
B is the out-to-out wheel spacing of the vehicle (ft), and Ft is the lateral impact force 
(kips). This relationship is a key consideration in determining operating speeds and will 
be revisited after impact force estimates are introduced in Chapter 5. The relationship 
underpinning AASHTO equation A13.2-1 is Equation 22 and is depicted in Figure 19. It 
should be noted that the critical stability height, Hcritical, must consider the height of any 
planned asphalt running surface, Hoverlay, as the additional surface material increases the 
effective height of the vehicle’s center of gravity relative to the barrier. 
 
M = Ft(G + Hoverlay) − FtH −
B
2












Figure 19. Rotational Equilibrium about the Impacting Wheel Line 
3.3 Results – Analysis of Existing Skyway Structure 
The flexural and punching shear capacities of the existing barriers are presented in 
Table 2. The flexural capacities listed are the minimum capacities between the full- and 
partial-height yield-line patterns. In the calculated capacities shown, any potential 
increase in barrier capacity resulting from impact heights lower than the full height of the 
barrier are not considered. Due to the lack of information regarding the vehicle 
interaction with the barrier, no impact load height, Himp, can be confidently estimated. 
















Capacity, φbReff (kips) 
Punching Shear 
Capacity, φvVc (kips) 
Continuous Joint Continuous Joint 
River, O&M, 
and South 
A 28.75 58.8 30.0 31.2 27.3 
Starter 
(Straight) 
B-1 28.50 55.1 27.3 31.6 27.6 
Starter 
(Curve) 
B-2 30.75 45.5 22.5 31.2 27.3 
North 
(Straight) 
C-1 28.50 57.3 28.1 31.6 27.6 
North 
(Curve) 
C-2 30.75 48.3 23.4 31.2 27.3 
 
The analyses performed for the existing Skyway indicated that the barrier would 
first fail in flexure or punching shear rather than the barrier-to-deck interface. Similarly, 
deck flexure was not found to govern for any typical section along the existing Skyway. 
The minimum factored flexural capacities of the barrier-face and support-face deck 
sections were estimated to be 8.4 k-ft/ft and 14.3 k-ft/ft, respectively. The corresponding 
maximum moment demands (per AASHTO A13.4.1 Design Case 1) on these sections 
were 6.1 k-ft/ft and 5.9 k-ft/ft. The Skyway deck is therefore adequate for any AV impact 
scenario, assuming the deck must resist only the cantilever strength of the barrier and the 
structure self-weight. Likewise, the shear strength of the barrier-to-deck interface varies 
slightly from line to line with a minimum value of 28.4 kips/ft, which is greater than any 




4 IMPACT ANGLE ESTIMATION 
Typically, roadside safety barriers are designed to account for the 85th percentile 
of impact conditions, as estimated from run-off-the-road passenger vehicle crash 
reconstructions. For example, the 85th percentile impact angle for passenger vehicles is 
currently estimated at 25 degrees [2]. The applicability of this estimate to potential 
Skyway crashes is questionable, however, as the impact angle estimated in MASH 2016 
is derived from crash data involving traditional vehicles operated by human drivers on 
open roadways. Almost every assumption under which the estimate was made is violated 
on the Skyway – the vehicles are autonomous, the operating speeds are anticipated to be 
low, and the vehicles are confined to a narrow track. While AV navigation appears to be 
more successful than manual navigation, the impact conditions associated with the former 
may vary significantly from standard assumptions. For example, it is very unlikely for a 
human operator to suddenly turn the steering wheel to initiate a full turn at 60 mph. 
Instead, many run-off-the-road accidents involve a distracted or impaired driver drifting 
off the roadway, as illustrated by the MASH 2016 impact angle estimate. These 
assumptions, however, do not apply to AVs. Sensor damage, computer malfunctions, or 
cyberattacks may cause the AV to perform unexpected, extreme maneuvers. At low 
speeds, like those desired on the Skyway, the ability to perform sharp turns is increased, 
further diminishing the validity of the MASH 2016 angle estimate. 
It may be reasonable, then, to evaluate barriers on roadways supporting AV traffic 
with higher impact angles than for traditional vehicles. However, the unique conditions 
on the Skyway eliminate this uncertainty for most vehicles – the 9-ft 7-in. clear width 
available on the Skyway deck confines most AVs, limiting their maximum impact angle. 
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For this reason, two methodologies for estimating AV impact angles are presented herein, 
the validity of which depend on the footprint of the vehicle: (1) an estimation method in 
which the vehicle’s orientation is restricted by the roadway clear width and (2) an 
estimation method in which the clear width of the roadway is wide enough to allow the 
vehicle to rotate freely. 
4.1 Methodology – Estimating Impact Angles of Confined AVs 
For vehicles with diagonal length greater than the clear width of the roadway, 
impact angles are limited significantly. Confidently estimating this impact angle would 
require more specific vehicle characteristics and an analysis of vehicle dynamics. In lieu 
of a rigorous analysis, a worst-case estimate was used. If a vehicle is not able to rotate 
within the confines of the roadway without touching the barriers, its impact angle should 
be estimated as the maximum yaw angle at which the vehicle can orient itself within the 
roadway. While it is possible for a vehicle’s impact angle to be less than its yaw angle 
due to skidding and over-steering, it is not possible in this case for its impact angle to be 
greater than its yaw angle. As such, the maximum yaw angle provides an upper bound 
estimate of the vehicle impact angle. On straight roadway segments, as shown in Figure 
20, the maximum yaw angle can be measured in a drafting software or calculated 
















in which Wtrack is the clear width of the roadway (ft) and Lv and Wv are the length and 
width of the vehicle (ft). It should be noted that, in order for this method to produce valid 




Figure 20. Confined AV on Straight Segment Impacting Barrier 
On curved roadway segments, vehicles are able to achieve greater orientation 
angles, as seen in Figure 21. In these cases, orientation angle calculation becomes tedious 
and requires an iterative approach. The governing equation, which produces the 
maximum yaw angle on a confining curve, is Equation 24: 
 
θcon,curve = arcsin (

























in which Rin is the inner curve radius equal to the curve radius less half the roadway clear 
width (ft), and Δ is the deflection angle formed on the inner curve by mirroring the 
vehicle diagonal over the impact point (see Appendix D), defined by Equation 28: 
 
Δ = 2arccos { 
1
Rin
[Wtrack −Wvsecθimp − (Lv −Wvtanθimp)sinθimp + Rin] } (28) 
 
 Equations 24 and 28 are satisfied by a unique impact angle but require iteration to 
solve. By making a preliminary impact angle estimate, evaluating Equation 28, and 
entering the resulting deflection angle into Equations 24 through 27, an orientation angle 
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was calculated. That calculated orientation angle was then compared to the original 
estimate, and the estimate was incrementally increased until the calculated angle and 
estimated angle are sufficiently close, within 0.1 degrees. It is recommended that the 
impact angle on a straight segment (Equation 23) is used for the preliminary estimate, as 
the impact angle on curved segments will always be slightly larger. The derivation of 
Equations 23 through 28 and an example calculation is presented in Appendix D. 
 
Figure 21. Confined AV on Curved Segment Impacting Barrier 
The impact angle of a confined AV is a function of the vehicle length, vehicle 
width, roadway width, and roadway curve radius. The interaction between these variables 
on the minimum Skyway curve radius (100 ft) is shown in Figure 22 for a roadway width 
of 9 ft – 7 in. Unconfined AVs are not represented in the contour diagram, because an 
additional parameter, the minimum turn radius, is introduced in that scenario. More 
detailed results are shown for the typical range of dimensions identified in this study in 
Figure 23. It should be noted that Figures 22 and 23 were manually drawn from 
individual impact angle calculations and are therefore approximate. Thus, these figures 
can be used to obtain a rough estimate of a particular vehicle’s impact angle, but 




Figure 22. Max Impact Angles for AV Dimensions on 100-ft Curve 
 
Figure 23.  Max Impact Angles for AV Portfolio on 100-ft Curve
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Estimating the confined impact angle as the maximum vehicle yaw angle is highly 
conservative. It is virtually impossible for the vehicle to arrange itself with opposite 
corners contacting the barrier faces simultaneously, and it is more unlikely still that the 
vehicle’s trajectory and yaw would be coincident in this arrangement. However, as 
previously stated, confidently estimating a lower impact angle would be a complicated 
process involving vehicle dynamics and requiring more specific vehicle dimensions, so a 
conservative estimate was used for this application. 
4.2 Methodology – Estimating Impact Angles of Unconfined AVs 
In AV applications where the clear width of the roadway is greater than the 
diagonal length of the vehicles, more severe impact angles are possible. With more open 
space, an errant AV has room to perform sharp turns and impose higher impact angles. 
The method of estimating the impact angle presented in the previous section, then, is not 
valid for an unconfined AV.  
As was the case for the confined AV, accurately estimating the impact angle for 
an errant, unconfined AV would require a lengthy analysis of vehicle dynamics. Instead, 
a simple estimation capturing the absolute worst-case scenario was used in this study. To 
estimate the impact angle of an unconfined AV, it was assumed that the vehicle 
navigation malfunctions to produce the following scenario: 
• The AV navigation fails, allowing the AV to deviate from the centerline of the 
roadway. The AV deviates until its side is flush with a barrier face. 
• While flush with the barrier, the AV initiates its sharpest-possible turn away 
from the barrier toward the barrier on the opposite side (Figure 24). On a 
curved segment, the vehicle turns away from inner barrier toward the outer 
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barrier (Figure 25). The turn develops immediately – the turn has a constant 
radius equal to the maximum of the AV’s minimum mechanically achievable 
turn radius, RAV,min, and the minimum turn radius limited by tire-to-pavement 
friction, Rmin,f. 
• At any given time, the trajectory of the center of mass and the yaw orientation 
angle of the vehicle are coincident. The yaw orientation angle of the vehicle is 
parallel to the path of its front tires. 
 
Figure 24. Unconfined AV Impact Angle on Straight Segment 
 
Figure 25. Unconfined AV Impact Angle on Curved Segment 
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Not only does this estimation assume a worst-case AV navigation malfunction, 
but highly idealized turning conditions, as well. All simplifications in this turning model 
increase impact angle estimates, resulting in a conservative final estimate. The minimum 
turn radius of the vehicle was determined as the maximum of the vehicle’s minimum turn 
radius and the minimum turn radius governed by friction, calculated via a rudimentary 







wherein V is the AV velocity (fps), g is the gravitational constant, 32.2 fps/s, and µ is the 
tire-to-pavement friction coefficient, conservatively assumed at 0.90. The friction-based 
minimum turn radius was measured along the centerline of the vehicle. Impact angles of 
AV on straight, non-confining roadways were determined in Equation 30: 
 
θfree,straight = arccos [
max(Rmin,AV, Rmin,f) − Radj −Wtrack
max(Rmin,AV, Rmin,f) − Radj
] (30) 
 
wherein Wtrack is the clear width of the roadway, equal to the roadway width less the 
width of the AV (ft), and Radj is an adjustment applied to the turning radius (ft) to 
determine the radius of the AV’s inner tire path, calculated via Equation 31: 
 
Radj = {
if Rmin,AV ≥ Rmin,f… Wv   
 






On curved roadways, estimating the unconfined impact angle directly is not 
practical. Instead, as was the case for confined curves, an iterative approach is required. 
To determine the unconfined impact angle on curved roadways, the governing equation 


















wherein Δcurve and Δturn are the deflection angles of the Skyway outer curve and the AV 
turning circle swept before impact, respectively (Figure 26), Rout is the outer curve radius, 
equal to the curve radius plus half the roadway width (ft), and Rmin is the minimum turn 
radius of the AV limited by turning capability and friction (ft). The deflection angle 
swept through the AV turning circle is calculated via Equation 33: 
 
∆turn= 2arccos [







To determine the impact angle from Equations 32 and 33, a value for Δcurve must 
first be estimated. Values for Δcurve typically vary between 4 and 20 degrees, so it is 
recommended that 4 degrees be used for an initial estimate. The estimate for Δcurve is 
entered into Equation 33, and the estimate and its corresponding Δturn are then entered 
into Equation 32. If Equation 32 is not satisfied, the estimate for Δcurve is incorrect, so 
Δcurve should be increased, and the process should be repeated. This series of steps is 
repeated, refining the Δcurve estimate each time, until Equation 32 is satisfied. At this 








wherein Δcurve is the estimate resulting in a satisfied Equation 32, and Δturn is the 
corresponding result of Equation 33. A detailed derivation of Equations 30 through 34 




Figure 26. Unconfined Impact Geometry on Curved Segment 
4.3 Results – Impact Angle Estimation 
Estimated impact angles on straight segments and on 100-ft curves are presented 
in Table 3. Generally, impact angles increase with decreasing curve radii and are lower 
for vehicles with larger footprints. Unconfined vehicles (vehicles whose orientation 
angles are not limited by the roadway clear width) are able to achieve drastically higher 
impact angles, provided their minimum turning radius is sufficiently small. This behavior 
is illustrated by the very small Aurrigo Pod-Zero, whose area in plan is less than half of 
the average. The minimum curve radius varies from line to line, but the results below 
correspond to the worst-case scenario – the sharpest turn on the entire Skyway has a 
curve radius of 100 ft. On average, impact angles on 100-ft curves were 3.7 degrees 
higher than impact angles on straight segments. 
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15.6 6.9 Confined 10.3 14.3 
2getthere GRT 19.8 6.9 Confined 8.0 13.2 
EasyMile EZ10 13.2 6.5 Confined 14.4 17.6 
Local Motors Olli 12.9 6.7 Confined 13.6 16.9 












13.9 4.6 Confined 22.4 25.7 
Sensible 4 GACHA 14.8 7.9 Confined 6.9 10.6 
Lohr i-Cristal 13.0 6.2 Confined 16.4 19.2 
Coast 
Autonomous 
P-1 13.0 6.0 Confined 17.2 20.2 




5 IMPACT FORCE ESTIMATION 
In practice, impact forces are typically estimated from full-scale crash test data, 
computer models, or both. As for impact angles, this method is inextricably linked to the 
vehicles used in the crash data underlying the estimates. As AVs differ significantly in 
their structural design from typical vehicles and AV crash test data are scarce, impact 
forces required a ground-up approach for estimation. 
5.1 NCHRP 86 Method 
A widely accepted impact force estimate common in roadside safety literature is 
the method developed in NCHRP Report 86 [20]. The method, shown in Figure 27, uses 
impact conditions and vehicle characteristics to estimate the time elapsed between the 
moment of first impact and the moment at which the vehicle is parallel to the barrier. 












in which AL is the distance from the vehicle front to the vehicle center of mass (ft), Wv is 
the width of the vehicle (ft), Db is the deflection of the barrier (considered to be zero for 
concrete parapets), and Vi is the initial velocity of the vehicle (fps).   
 
Figure 27. Mathematical Model of Vehicle Impact 
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Over Δt, the lateral vehicle velocity changes from Vi sinθ to zero. As such, the 







Per basic principles of dynamics, the average lateral impact force, Flat,avg, is 
determined in Equation 37: 
 Flat,avg = Glat,avgmvg (37) 
 
wherein mv is the mass of the vehicle (slugs). 
5.2 Hirsch Modification 
The methods of NCHRP 86 were later expanded by Hirsch [21] to augment the 
average impact force into an estimate of the peak impact force. Assuming the vehicle and 
barrier behave as linear springs, Hirsch approximated the force-time curve as a sine 
wave. With this assumption, a geometric relationship between the average lateral force 






5.3 Impulse-Momentum Method 
With guidance from the methods presented above, Faller [22] developed an 
alternative method of estimating lateral impact forces using an idealized impulse-
momentum model. In this method, it is assumed that the collision between the vehicle 
and the barrier is perfectly elastic – that is, the coefficient of restitution is equal to 1. As 
such, the lateral velocity is mirrored across the barrier during impact; the final lateral 
velocity is equal to the initial lateral velocity but in the opposite direction (Figure 28).  
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The lateral impulse exerted during the collision, Jlat, is equal to the change in 
lateral vehicle momentum during impact and is estimated using Equation 39: 
 Jlat = ρf,lat − ρi,lat = mv(vf,lat − vi,lat) = 2mvVisinθ (39) 
 
wherein ρf,lat and ρi,lat are the pre-impact and post-impact momenta, respectively. The 
time elapsed between vehicle impact and the point at which the vehicle is parallel to the 
system is estimated via the NCHRP 86 method (Equation NCHRP 86-1) [20]. As such, 
the magnitude and duration of the impulse can be estimated. By assuming a triangular 
force pulse, as shown in Figure 28, the peak lateral force can be determined. Per the 
impulse-momentum method, the peak lateral force exerted on the barrier is estimated in 
Equation 40. In this study, the results of Equation 40 were used as the design lateral 
impact force, Ft. Alternatively, the result of Equation 40 can be obtained by replacing the 
dynamic factor of π/2 with 2 in the Hirsch method (Equation 38). Therefore, the impulse-
momentum method used by Faller is distinguished from the Hirsch method by its 








Figure 28. Impulse-Momentum Method of Impact Force Estimation
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6 SAFE OPERATING SPEEDS 
Safe operating speeds for AVs on the Skyway were determined as the minimum 
of several possible limiting speeds set by vehicle, structural, and geometric constraints. 
The following methods and equations were applied to each of the five lines to set 
operating speed guidelines representative of the variable conditions on the Skyway. 
6.1 Methodology – Establishing Safe Operating Speeds 
To determine critical velocities for a given vehicle, vehicle and structure 
conditions were entered into the preceding methodologies, which were then solved to 
obtain the maximum safe vehicle velocity. Most generally, the procedure involved (1) 
estimating a vehicle’s impact angle, (2) using the impact force relationships to determine 
the speed limited by structure strength, (3) using the impact force relationships to 
determine the speed limited by vehicle stability, (4) determining the speed limited by tire-
to-pavement friction, and (5) setting the safe operating speed as the minimum speed 
determined in the previous steps. 
6.1.1 Strength-based Operating Speed 
Impact force increases with speed. At a certain speed, the force generated by the 
impacting vehicle will exceed the structural capacity of the barrier. At this critical speed, 
the vehicle is at risk of penetrating through the barrier or producing debris that could pose 
a threat to pedestrians, vehicles, and structures below the Skyway. The AV speed limit 
governed by the strength of the barrier (Equation 41) was determined by implementing 
the methodology of Section 5.3 for Vi and setting the impact force equal to the minimum 








 ]  [ ALsinθimp −
Wv
2
(1 − cosθimp) ]  (41) 
 
wherein φbReff is the factored flexural resistance of the barrier (kips), φvVc is the factored 
punching shear resistance of the barrier (kips), g is the gravitational constant, Wv is the 
width of the vehicle (ft), AL is the distance from the vehicle front to its center of mass 
(ft), and θ is the estimated impact angle. 
6.1.2 Stability-based Operating Speed 
When a vehicle impacts a barrier, the stability of the vehicle must be considered. 
Vehicle impact creates an overturning moment that is proportional to the difference 
between the height of the vehicle center of mass and the height of the parapet. To 
determine the stability-based operating speed, the critical speed at which wheel lift begins 
was estimated. The estimate was determined by substituting the existing barrier height for 
the critical barrier height in the AASHTO Section A13 method and solving for the 
vehicle speed. The operating speed limit governed by vehicle stability was calculated via 
Equation 42, in which B is the out-to-out wheel spacing of the vehicle (ft): 
 
vstability = √ 




2[G − (H − Hoverlay)]sin
2θimp
  (42) 
 
 To arrive at Equation 32, rotational equilibrium was evaluated about the 
impacting wheel line at the instant the non-impacting wheel line leaves the ground. This 
equation, then, describes the height of the barrier required to keep all four wheels on the 
ground during impact, rather than the height required to prevent rollover. Additional, less 
stringent height requirements to prevent more serious instability cases are presented by 
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Owings [19] but are neglected herein in favor of the requirements of AASHTO Section 
A13. The derivation of Equation 42 is presented in Appendix F. 
6.1.3 Geometry-based Operating Speed 
The force required to keep an object moving on a circular path is equal to its 
kinetic energy divided by the diameter of its path. For vehicles travelling on a roadway 
without superelevation, this force must be entirely provided by tire-to-pavement friction. 
Solving this relationship for velocity results in the operating speed limit governed by the 
curve geometry of the Skyway and tire-to-pavement friction (Equation 43): 
 vcurve = √μgRmin (43) 
 
wherein the tire-to-pavement friction coefficient, µ, was assumed to be 0.70, and Rmin is 
the minimum curve radius on a particular segment of the Skyway (ft). The derivation of 
Equation 43 is presented in Appendix F. 
6.2 Results – Safe Operating Speeds 
Synthesizing Skyway and vehicle conditions with equations 41-43 produces safe 
operating speed guidelines for autonomous vehicles on the Skyway. The final safe 
operating speed guidelines are presented in Table 4. The results shown are maximum safe 
operating speeds across the entire Skyway, accounting for increased impact angles on 
curves and incorporating no structural adaptations. Operating speeds governed by each 




































































































































































































































































































































































































































































































































































































































































































































































































Alternatively, safe operating speeds can be evaluated on each Skyway line. Due to 
the varying conditions from line to line, such as the parapet height and strength, safe 
operating speeds are not constant across the entire structure. Safe operating speeds for 
each AV on each Skyway line are presented in Table 5. 



















28 28 27 27 27 
2getthere GRT 29 32 31 29 31 
EasyMile EZ10 30 30 30 30 30 
Local 
Motors 
Olli 25 25 24 24 24 














25 25 25 25 25 
Minimum curve radius 
on segment (ft): 
225 130 100 100 100 
Minimum curve radius 
with joint (ft): 
250 450 215 110 150 
      
Colors represent limiting conditions:   ⬛ AV speed limit ⬛ Skyway turn radius ⬛ Barrier height ⬛ Barrier strength ⬛ Deck strength 
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Most AV models reach their operating speed capacity before a critical strength- or 
stability-based speed limit is reached. For example, the EasyMile EZ10 can safely 
operate at its maximum speed of 30 mph at all points on the existing Skyway. More still 
achieve the desired operating speed of 25 mph before reaching a critical speed limit, with 
the only exceptions being the Local Motors Olli, which is uncharacteristically tall for its 
footprint size, and the Aurrigo Pod-Zero, which operates at a peak capacity of 15 mph. It 
should be noted that stability-based operating speeds are highly conservative, as the 
center of mass height for all but two vehicles was estimated as 40% of the overall vehicle 
height. Confident center of mass heights were determined only for the EZ10 and Pod-
Zero. 
Safe operating speeds on the Skyway could be increased in two ways: (1) 
reinforcing the barrier at expansion joints to achieve continuous parapet strength 
everywhere, and (2) raising the height of the parapet with an attached steel channel or 
tube. Operating speeds limited by the strength of the structure (shown in red) would be 
increased with barrier reinforcement, and operating speeds limited by the height of the 
parapet (shown in gold) would be increased by an increased height. Alternative safe 
operating speeds after the installation of joint reinforcement sufficient to develop full 
parapet strength at all expansion joints are shown in Table 6. Alternative safe operating 
speeds after the installation of a 3-in. tall steel member to the top of the parapet are 























28 28 27 27 27 
2getthere GRT 37 34 31 31 31 
EasyMile EZ10 30 30 30 30 30 
Local 
Motors 
Olli 25 25 24 24 24 














25 25 25 25 25 
Colors represent limiting conditions:   ⬛ AV speed limit ⬛ Skyway turn radius ⬛ Barrier height ⬛ Barrier strength ⬛ Deck strength 
 
By increasing the strength of the barrier at expansion joints, several operating 
speeds would be increased. For example, operating speeds for the GRT on the Starter, 
North, and O&M Lines increased, with the lattermost being pushed from a strength- to 
stability-based critical speed. Additionally, the Pacifica Hybrid sees an increase of 10 
mph on the Starter Line, though its speeds limited by curve radii on the other four lines 
would remain unchanged. 
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28 28 28 28 28 
2getthere GRT 29 32 31 29 31 
EasyMile EZ10 30 30 30 30 30 
Local 
Motors 
Olli 25 25 25 25 25 














25 25 25 25 25 
Colors represent limiting conditions:   ⬛ AV speed limit ⬛ Skyway turn radius ⬛ Barrier height ⬛ Barrier strength ⬛ Deck strength 
 
If a 3-in. steel member were secured to the top of the parapet, all stability-based 
failure states would be eliminated. With this adaptation, all AV models except the Pod-
Zero surpass the desired 25-mph operating speed. It should be noted that stability does 
not limit the safe operating speed of any vehicle analyzed in this study on straight 
segments. As such, barrier height adaptations need only be considered on the outer 
barriers of curved segments. 
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7 OPERATING SPEED CALCULATOR APPLICATION 
The results presented herein were calculated using a Microsoft Excel application 
developed specifically for the Automated Skyway Express. The application, shown in 
Figure 29, accepts vehicle characteristics and automatically determines corresponding 
safe operating speeds on the Skyway, as well as the limiting case corresponding to each 
speed recommendation. In this section, the overall function and structure of the 
application are described.  
 
Figure 29. Safe Operating Speed Calculator Application 
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7.1 Application Function 
Skyway conditions can be altered by using the buttons in the upper-right corner of 
the user interface. Operating speeds can be evaluated assuming straight segments or 
accounting for the various curves on the Skyway using the “Tangent” and “Curve” option 
bullets. Additionally, speeds on the existing structure or on the retrofitted structure can be 
evaluated by clicking either “Existing structure” or “Retrofit structure.” When the retrofit 
option is selected, the strength of the continuous barrier is assumed at all points – 
essentially, expansion joints are removed from the analysis.  
The AV market is new and quickly expanding. At the time of this investigation, 
eleven viable AV models were identified, and information sufficient to recommend 
operating speeds was found for eight of these models. New AV models not included in 
this study can be easily entered into the system by clicking the “Enter AV Data” button at 
the top-right corner of the application. Selecting this option initiates a data entry sequence 
shown in Figures 30 and 31. 
 
Figure 30. General AV Data Entry 
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In the first entry window, general vehicle characteristics are requested. These 
dimensions are defining characteristics of the vehicle – they are required for the analysis 
presented herein and cannot be estimated. Fortunately, these dimensions are often readily 
available on AV developer websites or from correspondence with AV developers. 
 
Figure 31. Specific AV Data Entry 
After entering general vehicle dimensions, a second entry window appears to 
request more specific vehicle dimensions. These dimensions are discussed in Chapter 2 
of this report. It was noted in this study that AV developers are often hesitant or unable to 
provide these parameters. As such, estimates may be required for some or all of these 
parameters. If a specific dimension cannot be obtained, “NA” is entered in the 
corresponding entry box. The application forms an estimate according to Section 2.1 to 
be used in the subsequent calculations. 
As discussed in Chapter 4, the method of estimating impact angles is dependent 
upon the footprint of the vehicle. If the vehicle cannot rotate freely between the roadway 
barriers, the impact angle is estimated as the maximum orientation angle. Alternatively, if 
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the vehicle is free to rotate, the impact angle is estimated by assuming a worst-case 
turning error. After the specific dimensions are provided, the application determines 
which confinement case applies and displays the appropriate version of the display 
window shown in Figure 32. 
        
Figure 32. Confined AV Angle Estimator 
When the “Calculate” button in this window is pressed, an iteration sequence is 
performed according to Sections 4.1 or 4.2 for confined or unconfined AVs, respectively. 
Impact angle estimates for every minimum curve on the Skyway are calculated and 
displayed in the window. At this point, the application re-activates the user interface 
page, and the new vehicle’s safe operating speeds are calculated and displayed. 
7.2 Trial Run with Example Vehicle 
To demonstrate the function of the application, a sample run is provided in this 
section. A confined vehicle in the typical dimension range was desired, so the contour 
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plot of Figure 23 was consulted to form a hypothetical vehicle for the trial. A vehicle 
with a length of 14 ft and a width of 5 ft was selected, which, based on the contour plot, 
would have a worst-case impact angle of roughly 24 degrees. The remaining dimensions 
for the trial vehicle are shown in Figures 33 and 34. 
 
Figure 33. General Dimension Entry for Trial Vehicle 
 
Figure 34. Specific Dimension Entry for Trial Vehicle 
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As shown in Figure 34, the majority of the trial vehicle’s specific dimensions 
were estimated. However, the distance from the vehicle front to its center of mass was 
estimated as half the vehicle length. After entering the trial vehicle’s dimensions, the 
impact angles on straight segments and on each minimum curve were calculated and are 
shown in Figure 35. The worst-case impact angle was calculated at 23.7 degrees – 
consistent with the contour plot estimate of 24 degrees. 
 
Figure 35. Trial Vehicle Impact Angle Estimates 
After the impact angles were estimated for each minimum curve, the safe 
operating speeds for the trial vehicle were determined and are shown in Figure 36. The 




Figure 36. Safe Operating Speeds for Trial Vehicle 
7.3 Application Structure 
The application described above will be provided to JTA at the conclusion of this 
study. For this reason, the general structure of the application is briefly discussed herein. 
The application is divided into four main clusters: (1) user interface and input, (2) 
calculations, (3) AV data, and (4) structural analysis.  
7.3.1 User Interface and Input 
Two sheets compose the portion of the application with which the user will 
regularly interact – “User Interface” and “General.” The former is described in detail in 
Section 7.1. The latter contains general values used in the analysis that may be modified 
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according to information that may change or become available throughout the Skyway 
conversion project. A list of these values is shown in Table 8. Some values, such as the 
pavement overlay depth, may change throughout the conversion’s design process. Other 
values, such as concrete strength or friction coefficient, may change based on information 
not available in this study or information obtained by JTA at a later time. For this reason, 
the values below will update all values throughout the application when changed. If an 
additional component is secured to the top of the parapet to increase the barrier height, 
the additional height should be implemented into the application by modifying the value 
in the lower-left corner of the table below. 
Table 8. General Analysis Values 
Parameter Value Parameter Value 
Horizontal span 
of impact, Lt (ft) 
3.0 
Concrete 
weight, wc  (pcf) 
145 
Nominal impact 
height, Himp (ft) 
2.0 
Overlay 
weight, wo (pcf) 
145 
Deck concrete 












bar cover, dc (in.) 
1.5 
High-estimate 
friction coefficient, µh 
0.9 
Reinforcing bar 
yield stress, Fy (ksi) 
60 
Low-estimate 
friction coefficient, µl 
0.7 
Pavement 
overlay depth (in.) 
3 
Vertical impact 
force, Fv  (kips) 
AV weight 
Height added to 
top of parapet (in.) 
0 
Roadway 




7.3.2 Calculation Sheets 
Three sheets within the application exist solely for calculation purposes and 
contain only formulae – “Speed Calculator” and two sheets for the calculation of 
confined and unconfined impact angles. The first of these sheets is a central hub of sorts, 
accepting values from all sheets of the application and calculating operating speeds 
according to Section 6. The sheets for angle calculation are used only during the data 
entry sequence and are used to calculate the impact angles required for analysis. During 
the data entry sequence, the angles calculated by these sheets are displayed in the window 
shown in Figure 35 and are then stored in the vehicle data sheet. None of the sheets in 
this cluster accept user input – no changes should be made to the calculation sheets. 
7.3.3  AV Data Sheets 
Autonomous vehicle data is stored in the “AV Data” sheet. Data from this sheet is 
used in the calculation cluster of the application. It should be noted that values should not 
be entered into the AV data sheets directly. Instead, the entry sequence should be initiated 
from the user interface, and data should be entered into the subsequent prompts. Data 
entered in the user interface is first stored in the “AV Data Entry” sheet and is then 
moved to the “AV Data” sheet. 
7.3.4 Structural Analysis Sheets 
The remainder of the sheets in the application are reserved for various structural 
analyses. In total, five sheets compose the structural analysis cluster – a barrier flexural 
strength calculator, a deck overhang flexure sheet, a deck flexural strength calculator, a 
punching shear strength calculator, and a summary sheet that synthesizes the results of all 
analysis sheets. The summary of analysis results is used in the speed calculation sheet. 
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7.3.5 Visual Basic Programming 
The entirety of the application is operated by Visual Basic (VB) code. Data entry, 
calculation, and result presentation are all managed by VB, rather than the user. As such, 
the structure of the application should not be changed. Unanticipated additions of rows or 
columns, manipulated values, and deletions could all interfere with the underlying 
programming of the application. New values should only be entered via the data entry 




8 CONCLUSIONS AND RECOMMENDATIONS 
8.1 Conclusions 
This research effort was performed to establish safe operating speeds for various 
AV models on the Automated Skyway Express in Jacksonville, Florida. The operating 
speeds recommended herein are intended to mitigate the risk of serious structural failure 
or vehicle instability, both of which could prove dangerous or fatal to people on and 
under the Skyway. The following conclusions were drawn based on the results of this 
effort: 
1. All AV candidates, with the exception of the Pod-Zero, are capable of operating 
at or above the desired operating speed of 25 mph on all portions of the Skyway 
without any modifications to the existing infrastructure (Table 4). Structural 
adaptations are not necessary to achieve desired vehicle operation. 
2. Through structural retrofitting, some of the recommended operating speeds could 
be increased. Operating speeds governed by the structural capacity of the Skyway 
could be increased by reinforcing the barrier across expansion joints. 
Additionally, operating speeds governed by vehicle instability could be increased 
by securing a component to the top of the barrier on the outer edge of curves.  
3. Most AV candidates reach their maximum speed capability before structural 
capacity or vehicle instability become critical. 
It is important to note that the results and conclusions presented herein were 
developed for a specific case. However, this methodology is applicable to other AV 
implementations on existing infrastructure, provided the AV are expected to operate 




8.2.1 Recommendations for Skyway Adaptation 
The safe operating speeds recommended herein assume a constant roadway width 
of 9 ft – 7 in. This dimension is critical in determining impact angles. However, at several 
locations on the Skyway, which currently act as crossover regions for the monorail trains, 
the roadway widens significantly, as shown in Figure 37.  
 
Figure 37. Skyway Crossover Region and Direct Impact Risk 
At these locations, the methods used to estimate impact angles are rendered 
invalid due to the drastic widening of the roadway clear width. Additionally, barrier 
turnarounds and flare-outs impose risks of direct, head-on vehicle impacts. Although 
these regions account for a very small minority of the Skyway length, they must be 
treated to maintain the validity of the results of this study. Likewise, if inner barriers are 
removed to allow for emergency access to vehicles, treatment will be required to prevent 
vehicles from leaving their track and entering the opposing traffic stream or impacting 
the barrier on the far side. Treatment options include walling off flare-out regions, adding 
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curbed medians to keep AVs on their appropriate track and installing crash cushions to 
shield barrier turnarounds (Figure 38). 
 
Figure 38. Crash Cushion/Impact Attenuator 
8.2.2 Recommendations for Further Research 
The operating speeds recommended in this effort could be refined with additional 
research. The results of this study, for example, rely on estimates of worst possible 
impact angles and do not take into account the actual likelihood of those impact scenarios 
occurring. In this sense, the rational, risk-based philosophy of MASH 2016 cannot yet be 
applied to AVs, as AV crash tests are rarely performed, if ever, and little to no AV 
accident data exists. With further research into possible AV navigation errors, 
particularly those related to aging or damaged sensors, more realistic impact angle 
estimates may be possible. Additionally, it is recommended that full-scale crash testing of 
AVs is performed. As AVs begin to make up a larger portion of the vehicles on the road, 
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Appendix A. Flexural Analysis of Barrier
72 
 
A1 Calculation of Flexural Strength about Longitudinal Axis, Mc  















A (Top) 7.75 12 6.0 4 6.0 
B (Upper-Mid) 7.50 12 6.0 4 6.0 
C (Lower-Mid) 7.25 12 6.0 5 6.0 
D (Base) 6.25 12 8.5 5 6.0 
B-1 
A 7.50 12 6.0 4 7.0 
B 7.50 12 6.0 4 7.0 
C 7.25 12 6.0 5 7.0 
D 6.25 12 8.5 5 7.0 
B-2 
A 7.50 12 5.86 4 7.0 
B 7.50 12 5.59 4 7.0 
C 9.50 12 5.28 5 7.0 
D 6.25 12 6.86 5 7.0 
C-1 
A 7.50 12 6.0 4 7.0 
B 7.50 12 6.0 4 7.0 
C 7.25 12 6.0 5 7.0 
D 6.25 12 8.5 5 7.0 
C-2 
A 7.50 12 5.86 4 7.0 
B 7.50 12 5.59 4 7.0 
C 9.50 12 5.28 5 7.0 
D 6.25 12 6.86 5 7.0 
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A1.1 Slanted Section Geometry 
The thicknesses of slanted section components were calculated via equations A1 
through A4. 
 










hB = 6 in.− (
1.125 in.
30.75 in.
) (7.50 in. +
7.50 in.
2




hC = 6 in. − (
1.125 in.
30.75 in.
) (7.50 in.+ 7.50 in. +
9.50 in.
2





(8.50 in. − 1.125 in. )
2
[8.50 in. − 1.25 in. − (
1.125 in.
30.75 in.
) 24.5 in. ] = 6.86 in. (A4) 
 
A1.2 Required Development Lengths 
The required embedment lengths for full development of straight bars and bars 
terminated with standard hooks were calculated via Equations A5 and A6, which 














Ld(bars A,B) = (
60,000 psi ∙ 1.0 ∙ 1.0








60,000 psi ∙ 1.0 ∙ 1.0








1.0 ∙ 60,000 psi























A (Top) Lower Linear 18.97 15.75 0.83 
B (Upper-Mid) Lower Linear 18.97 8.25 0.43 
C (Lower-Mid) Upper Linear 23.70 11.13 0.47 
D (Base) Lower Hook 11.86 8.63 0.73 
B-1 
A Lower Linear 18.97 15.75 0.83 
B Lower Linear 18.97 8.25 0.43 
C Upper Linear 23.70 11.13 0.47 
D Lower Hook 11.86 8.63 0.73 
B-2 
A Lower Linear 18.97 15.75 0.83 
B Lower Linear 18.97 8.25 0.43 
C Upper Linear 23.70 10.00 0.42 
D Lower Hook 11.86 8.63 0.73 
C-1 
A Lower Linear 18.97 15.75 0.83 
B Lower Linear 18.97 8.25 0.43 
C Upper Linear 23.70 11.13 0.47 
D Lower Hook 11.86 8.63 0.73 
C-2 
A Lower Linear 18.97 15.75 0.83 
B Lower Linear 18.97 8.25 0.43 
C Upper Linear 23.70 10.00 0.42 
D Lower Hook 11.86 8.63 0.73 
Note: embedment and development lengths are evaluated with respect to layer mid-depth. 







































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure A-1. Barrier A and Cross-Section of Layer A 
In the following section, the calculation of the longitudinal-axis bending strength 
of Barrier A is presented. The calculations of the bending strengths of Layers B, C, and D 
are not shown, as they follow the same procedure as that of Layer A. 
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First, the longitudinal-axis bending strengths of the four layers were determined. 
The bending strength of Layer A was determined as follows. It should be noted that the 
depth of the concrete compression block, c, was determined via iteration. 
 
d = h − dcover −
db
2




= 4.25 in. (A10) 
 

























(2 bars) = 0.39 in.2 (A12) 
 
The maximum stress able to be developed by an individual bar was calculated as 
the minimum of the stress determined via constitutive relationships and the critical 










) ϵcuEs = (
4.25 in.− 1.12 in.
1.12 in.





) fy = (
15.75 in.
18.97 in.
) ∙ 60 ksi = 49.8 ksi                                            
 
(A13) 
 Ts = Asσs = 0.39 in.











) ϵcuEs = (
1.75 in.− 1.12 in.
1.12 in.





) fy = (
15.75 in.
18.97 in.




 Fs′ = As′σs′ = 0.39 in.





 Cc = 0.85fc
′bβ1c = 0.85(4.0 ksi)(12 in. )(0.85)(1.12 in. ) = 38.8 kips (A17) 
 
 Ts + Fs
′ − Cc = 19.6 kips + 19.2 kips − 38.8 kips = 0 ∴ Pure flexure (A18) 
 
 




) + Ts(d − d′) (A19) 
 
 














          Mc,C = 7.4
k − ft
ft





Evaluating a weighted average of resistances over the height of the parapet 
produces an overall longitudinal-axis bending strength for use in the equations of 
AASHTO Section A13: 
 
Mc =






8.2(7.75) + 4.7(7.50) + 7.4(7.25) + 17.7(6.25
28.75 in.
(










A2 Bending Strength about Vertical Axis 















A (Top) 7.75 7.75 6.0 4 - 
B (Upper-Mid) 7.50 7.50 6.0 4 - 
C (Lower-Mid) 7.25 7.25 6.0 5 - 
D (Base) 6.25 6.25 8.5 5 - 
B-1 
A 7.50 7.50 6.0 4 - 
B 7.50 7.50 6.0 4 - 
C 7.25 7.25 6.0 5 - 
D 6.25 6.25 8.5 5 - 
B-2 
A 7.50 7.50 5.86 4 - 
B 7.50 7.50 5.59 4 - 
C 9.50 9.50 5.28 5 - 
D 6.25 6.25 6.86 5 - 
C-1 
A 7.50 7.50 6.0 4 - 
B 7.50 7.50 6.0 4 - 
C 7.25 7.25 6.0 5 - 
D 6.25 6.25 8.5 5 - 
C-2 
A 7.50 7.50 5.86 4 - 
B 7.50 7.50 5.59 4 - 
C 9.50 9.50 5.28 5 - 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A3 Calculating Yield-line Capacity 
The values calculated above were used in the equations of AASHTO Section A13 
(see Section 3.2.1) to determine the overall flexural strength of the barrier in a yield-line 
failure mechanism. These values correspond to the typical yield-line mechanism, in 
which the yield-lines extend from the base of the barrier. A different method is required 
to determine the flexural strength of the barrier in the alternative yield-line mechanism, in 
which the yield-lines extend from the base of the thin parapet section. The bending 
strengths of each parapet layer are unchanged, but when calculating the overall Mc and 
Mw values, only the top three layers are considered. To avoid presenting redundant 
values, the calculation of these values is not presented. 
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B1 Punching Shear Capacity 
Calculations of the punching shear capacities of the typical barrier (Barrier A) are 
shown in equations B1 through B4. Additional guidance is provided for slanted barriers. 
B1.1 Typical Barrier 
Continuous Segment 
 
bo = 36 in.+ 4 (
6 in.
2
) + 2(28.75 in.− 24 in.−3 in. ) = 51.5 in. 
(B1) 
 
ϕVn = (0.75)(1.0)(6 in. )(51.5 in. ) ∙ 2√4,000 psi ∙
1 kip
1,000 lb




bo = 36 in.+ 2 (
6 in.
2
) + 28.75 in.− 24 in. − 3 in. = 43.75 in. 
(B3) 
 
ϕVn = (0.75)(1.0)(6 in. )(43.75 in. ) ∙ 2√4,000 psi ∙
1 kip
1,000 lb












B2 Shear Friction Capacity 
Shear friction capacities of each deck-to-barrier interface are presented below. An 
example calculation is provided for Barrier A. 













A 5 6 1.228 0.6 33.1 
B-1 5 7 1.052 0.6 28.4 
B-2 5 7 1.052 0.6 28.4 
C-1 5 7 1.052 0.6 28.4 




ϕVn = ϕ[cAcv + μ(AvfFy + Pc)] ≈ ϕμAvfFy (B7) 
 


























Appendix C. Flexural Analysis of Deck 
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C1 Skyway Deck Dimensions 
The typical Skyway deck reinforcement pattern is shown below. Figure C-1 and 
Figure C-2 show reinforcement embedment lengths for AASHTO design sections 1 and 
2, respectively. The deck bars are numbered, and embedment lengths A through G are 
presented in Table C-1 and Table C-2. 
 
Figure C-1. Deck Reinforcement Embedment Lengths, Section 1 
 
 
Figure C-2. Deck Reinforcement Embedment Lengths, Section 2 
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The deck reinforcement pattern does not change significantly between Skyway 
lines or between straight and curved segments. Reinforcement varies only in embedment 
length and in bar spacing, but variations are minor. A summary of key deck 
reinforcement parameters is shown in Table C-1 and Table C-2. 
























A 6 5 7 12 5.1875 1.8125 6.250 2.125 18.875 8.750 
B-1 7 5 7 12 5.1875 2.3125 6.250 2.125 23.875 3.750 
B-2 7 5 7 12 5.1875 2.3125 5.125 2.250 23.750 4.875 
C-1 7 5 7 12 5.1875 2.3125 6.250 2.125 23.875 3.750 
C-2 7 5 7 12 5.1875 2.3125 5.125 2.250 23.750 4.875 
Note: see Figure C-1 for definitions of dimensions A through D. 






















A 6 5 7 12 5.1875 1.8125 20.750 16.625 4.375 
B-1 7 5 7 12 5.1875 2.3125 20.750 16.625 9.375 
B-2 7 5 7 12 5.1875 2.3125 20.750 16.750 9.250 
C-1 7 5 7 12 5.1875 2.3125 20.750 16.625 9.375 
C-2 7 5 7 12 5.1875 2.3125 20.750 16.750 9.250 
Note: see Figure C-1 for definitions of dimensions E through G. 
Additional deck thickness due to 2% drainage slope neglected. 
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C2 Flexural Capacity of Deck at Parapet Face 
Table C-3. Deck Reinforcement Stresses at Parapet Face 
Barrier 
Type 
Minimum Development Ratio c 
(in.) 
Bar Stresses (ksi) 
Bar 1 Bar 2 Bar 3 Bar 4 Bar 1 Bar 2 Bar 3 Bar 4 
A 0.53 0.18 0.37 0.26 1.27 35.4 12.0 24.7 17.7 
B-1 0.53 0.18 0.16 0.26 0.92 35.4 12.0 10.6 17.7 
B-2 0.43 0.19 0.21 0.22 0.85 29.0 12.7 13.8 14.5 
C-1 0.53 0.18 0.16 0.26 0.82 35.4 12.0 10.6 17.7 
C-2 0.43 0.19 0.21 0.22 0.85 29.0 12.7 13.8 14.5 
Note: concrete compression block depth, c, was determined via iteration 







 ϵsEs = (
d − c
c
) ϵcuEs = (
5.19 in.−1.27 in.
1.27 in.


















  = 35.4 ksi 
(C2) 





















A 1.27 55.1 21.7 33.4 0.0 132.5 3.9 0.97 10.4 
B-1 0.92 39.9 18.6 21.2 -0.1 113.6 3.9 0.97 9.4 
B-2 0.85 36.8 15.2 21.6 0.0 113.6 4.2 0.96 8.4 
C-1 0.92 39.9 18.6 21.2 -0.1 113.6 3.9 0.97 9.4 
C-2 0.85 36.8 15.2 21.6 0.0 113.6 4.2 0.96 8.4 
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Calculation of deck flexural capacity, Barrier Type A: 
 
 Cc = 0.85f′cβ1cb = 0.85(5 ksi)(0.85)(1.27 in. )(12 in. ) = 55.1 kips (C3) 
 
















′ = AA2σA2 + AA3σA3 + AA4σA4 = Abar (
12 in.
s














) (12.0 ksi + 24.7 ksi + 17.7 ksi) = 33.4 kips (C6) 
 Ts + Ts
′ − Cc = 21.7 kips + 33.4 kips − 55.1 kips ≈ 0 (C7) 













































 if ϕRw < ϕVc… 
ϕRw
Lc + 2(Himp + Hoverlay) 
 
if ϕVc ≤ ϕRw… 
ϕVc
Lt + 2(Himp + Hoverlay)
 
(C12) 
In this case, the capacity of the barrier is governed by shear, therefore: 
 
Tdeck = (
ϕVc = 29.3 kips










ϕMint = ϕMn (1 −
Tdeck
ϕTmax



















C3 Flexural Capacity of Deck at Support Face 
Table C-5. Deck Reinforcement Stresses at Support Face 
Barrier 
Type 
Minimum Development Ratio c 
(in.) 
Bar Stresses (ksi) 
Bar 1 Bar 2 Bar 4 Bar 1 Bar 2 Bar 4 
A 1.00 0.18 0.87 1.39 60.0 11.1 26.4 
B-1 1.00 0.40 0.87 1.56 60.0 26.5 42.0 
B-2 1.00 0.39 0.87 1.56 60.0 26.2 42.0 
C-1 1.00 0.40 0.87 1.56 60.0 26.5 42.0 
C-2 1.00 0.39 0.87 1.56 60.0 26.2 42.0 
Note: concrete compression block depth, c, was determined via iteration 





















A 1.39 60.3 36.8 23.0 -0.4 99.4 3.4 0.97 14.3 
B-1 1.56 67.6 31.6 36.0 -0.1 85.2 3.4 0.96 14.5 
B-2 1.56 67.6 31.6 35.8 -0.2 85.2 3.6 0.96 14.5 
C-1 1.56 67.6 31.6 36.0 -0.1 85.2 3.4 0.96 14.5 
C-2 1.56 67.6 31.6 35.8 -0.2 85.2 3.6 0.96 14.5 
Note: deck tension was evaluated in continuous spans. At expansion joints, lateral loads 
are distributed over shorter deck lengths, but the intensity of the lateral loads are 
significantly smaller due to the reduced capacity of the barrier.  
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C4 Deck Overhang Evaluation 























A 0.06 0.35 0.02 0.19 0.35 0.07 10.2 7.3 7.4 9.6 ✔ 
B-1 0.06 0.35 0.02 0.19 0.35 0.07 11.0 7.0 7.1 9.6 ✔ 
B-2 0.05 0.31 0.02 0.18 0.31 0.06 11.0 7.3 7.4 8.5 ✔ 
C-1 0.06 0.35 0.02 0.19 0.35 0.07 11.0 7.0 7.1 10.6 ✔ 
C-2 0.05 0.31 0.02 0.18 0.31 0.06 11.0 9.7 9.8 10.6 ✔ 
Note: ultimate moment demands, Mu, correspond to AASHTO Design Case 1. 
Lever arms, Ri, are measured from the mid-depth of the barrier base to the barrier face. 
 
Evaluation of deck overhang at parapet face of Barrier Type A for Design Case 1: 
 





















) = 0.35 ft 
(C16) 
 
Mslab = WslabRslab = (0.06
kips
ft





 Wbarrier = (HAhA + Hbhb + Hchc + Hdhd)bγc (C18) 
 






























 For simplicity and conservative estimation, the effective lever arm of the barrier 








) = 0.35 ft 
(C21) 
 
Mbarrier = WbarrierRbarrier = (0.19
kips
ft






Mslab = WslabRslab = (0.06
kips
ft




















































A 0.16 0.95 0.15 0.19 1.54 0.29 11.2 7.3 7.7 14.9 ✔ 
B-1 0.16 0.95 0.15 0.19 1.54 0.29 12.0 7.0 7.4 14.9 ✔ 
B-2 0.16 0.95 0.15 0.18 1.54 0.28 12.1 7.3 7.7 14.5 ✔ 
C-1 0.16 0.95 0.15 0.19 1.54 0.29 12.0 7.0 7.4 14.5 ✔ 
C-2 0.16 0.95 0.15 0.18 1.54 0.29 12.1 9.7 10.2 14.5 ✔ 
Note: ultimate moment demands, Mu, correspond to AASHTO Design Case 1. 
Lever arms, Ri, are measured from the mid-depth of the barrier base to the one-third 







Evaluation of deck overhang at parapet face of Barrier Type A for Design Case 1: 
 





















) = 0.79 ft 
(C28) 
 
Mslab = WslabRslab = (0.13 
kips
ft












) = 1.23 ft 
(C30) 
 
Mbar = WbarRbar = (0.19 
kips
ft




























) = 0.44 ft 
(C33) 
 
Mwearing = WwearingRwearing = (0.03 
kips
ft






L2 = L1 + 2[D12tan(30°)] = 10.2 ft + 2(19 in.− 8.5 in. ) (
1 ft
12 in.
) = 11.2 ft 
(C35) 
 
Mc2 = Mc (
Lc
L2
















+ 1.25 [(0.11 + 0.23)
k − ft
ft








































A 0.16 0.95 0.15 0.19 1.54 0.29 14.1 1.8 14.3 ✔ 
B-1 0.16 0.95 0.15 0.19 1.54 0.29 14.1 1.9 14.5 ✔ 
B-2 0.16 0.95 0.15 0.18 1.54 0.28 14.1 1.9 14.5 ✔ 
C-1 0.16 0.95 0.15 0.19 1.54 0.29 14.1 1.9 14.5 ✔ 
C-2 0.16 0.95 0.15 0.18 1.54 0.29 14.1 1.9 14.5 ✔ 
Note: ultimate moment demands, M2-2, correspond to AASHTO Design Case 2. 
Lever arms, Ri, are measured from the mid-depth of the barrier base to the one-third 
point of the top face of the tee web. 
Vertical barrier demand, Fv, assumed equal to the weight of the heaviest AV, distributed 
over a length Lv equal to the length of that vehicle, 19.8 ft. 
 
Worst-case evaluation of deck overhang at parapet face of Barrier Type A for Design 





+ 1.00[Mslab +Mbarrier] + 1.00Mws (C40) 
 
M2−2 = (
(14.1 kips)(22.7 in. )
(19.8 ft)
) + [(0.15 + 0.29 + 0.01)
k − ft
ft






(ϕMint = 14.3 
k − ft
ft












D1 Derivation of Confined Impact Angle on Straight Segment 
The annotated, worst-case impact scenario on a confined straight segment is 
shown in Figure D-1 below, wherein Wv is the width of the vehicle (ft), Lv is the length of 
the vehicle (ft), Wt is the width of the roadway (ft), θ is the estimated impact angle, α is 
the angle between the vehicle diagonal and the barrier, and γ is the angle between the 
vehicle centerline and diagonal. The impact angle is determined in Equation D1. 
  
Figure D-1. Confined Impact Scenario on Straight Segment with Annotations 
 















D2 Derivation of Confined Impact Angle on Curved Segment 
The annotated, worst-case impact scenario on a confined curved segment is 
shown in Figure D-2 below. 
 
Figure D-2. Confined Impact Scenario on Curved Segment with Annotations 
wherein θ is the estimated impact angle, R is the Skyway curve radius (ft), Rin is the inner 
radius (ft), Δ is the deflection angle swept by the inner radius mirrored across the impact 
point, and Li, C, and M are terms required for analysis (ft). 
 LI = Wvtanθ (D2) 
 LII = Lv − LI (D3) 




The chord length, C, can be described in two ways: 
 c = 2LIIcosθ (D5) 
 c = 2Rinsinθ (D6) 





) = (Lv −Wvtanθ)cosθ = Lvcosθ −Wvsinθ (D7) 
which is then solved for θ. Rearranging and squaring both sides results in: 
 
(1 − sin2θ)Lv





= 0 (D8) 




2)]sin2θ + [−2WvRinsin (
Δ
2








which is a quadratic of the form: 
 au2 + bu + c = 0               where u = sinθ 
(D10) 
where coefficients a, b, and c are the first, second, and third bracketed terms of Equation 
D9, respectively. The governing equation for determining the impact angle on confined, 
straight segments, then, is: 
 
θ = arcsin (




To produce a unique solution, the width of the roadway must be incorporated into 
Equation D11 via the Δ term. Equation D12 introduces the roadway width: 





where the middle ordinate, M, is equal to: 
 





Substituting Equation D13 into Equation D12 and solving for Δ produces: 
 
Δ = 2arccos {
1
Rin
[Wt −Wvsecθ − (Lv −Wvtanθ)sinθ + Rin]} (D14) 
To determine the confined impact angle on curved segments, the result of 
Equation D1 is first entered into Equation D14. The results associated with the outcome 
of Equation D14 are then substituted into Equation D11. This process is repeated with 
incrementally increasing impact angle estimates until the result of D11 is sufficiently 
close to the estimate. 
D3 Sample Calculation of Confined Impact Angle on Straight and Curved Segments 
The calculation of the confined impact angles of the EasyMile EZ10 are provided 
herein to demonstrate the estimation methodology. The relevant parameters are listed in 
Table D-1. 















EasyMile EZ10 13.2 6.5 9.583 100 95.209 
 
 First, the confined impact angle on a straight segment is calculated: 
 
θ = arcsin (
9.58 ft
√(13.2 ft)2 + (6.5 ft)2
) − arctan (
6.5 ft
13.2 ft





In the first iteration, the impact angle on straight segments is used: 
 
∆ = 2arccos {
1
95.21 ft
[9.58 ft − 6.5 ft ∙ sec 14.42°
− (13.2 ft − 6.5 ft ∙ tan 14.42°) sin 14.42° + 95.21 ft]} ≈ 0 
(D16) 
As the deflection angle produced by Equation D16 for the initial impact angle 
estimate is approximately zero, the calculation of the impact angle is not performed for 
the first iteration. Instead, the estimated impact angle is increased to 15 degrees, and the 





[9.58 ft − 6.5 ft ∙ sec 15° − (13.2 ft − 6.5 ft
∙ tan 15°) sin 15° + 95.21 ft]} = 5.6° 
(D17) 
 a = −[(6.5 ft)2 + (13.2 ft)2] = −216.5 ft2 
(D18) 
 
b = −2(6.5 ft)(95.21 ft)sin (
5.6°
2
) = −60.5 ft2 
(D19) 
 
c = −(95.21 ft)2sin2 (
5.6°
2
) + (13.2 ft)2 = 152.6 ft2 
(D20) 
 
θi3 = arcsin [
−(−60 ft2)√(−60 ft2)2 − 4(−216.5 ft2)(152.6 ft2)
2(−216.5 ft2)
] = 45.4° 
(D21) 
 Errori2 = 45.4° − 15.0° = 30.4° (D22) 
As the error in the second iteration is large, the impact angle estimate is increased 
significantly for the third iteration, to 17 degrees: 
 ∆i3 = 2arccos{… } = 11.6° (D23) 
 θi3 = arcsin{… } = 22.7° (D24) 
 Errori3 = 22.7° − 15.0° = 5.7° (D25) 
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This iterative process is continued until the error between the estimated and 
calculated impact angle is negligible. With a sufficient number of iterations, n, the correct 
impact angle of 17.5 degrees is achieved: 
 ∆in= 2arccos{… } = 12.8° (D26) 
 θin = arcsin{… } = 17.6° (D27) 
 Errorin = 17.6° − 17.5° = 0.1° ≈ 0° (D28) 












E1 Derivation of Unconfined Impact Angle on Straight Segment 
The annotated, worst-case impact scenario on an unconfined straight segment is 
shown in Figure E-1 below.  
 
Figure E-1. Unconfined Impact Scenario on Straight Segment with Annotations 
where Rmin is the minimum turn radius of the AV (Equation E1), limited by the AV 
characteristics and tire-to-pavement friction (ft), Radj is a radius adjustment to calculate 
the radius of the inner tire path (Equation E2) (ft), and Δturn is the deflection angle swept 
by the inner tire path. 
 
Rmin = max{









if Rmin = Rmin,AV        Wv  
 






The middle ordinate of the inner tire path, M, relates the lateral clearance and 
turning radius to the inner deflection angle: 
 








which, when solved for Δturn, results in: 
 
∆turn= 2arccos [











Substituting Equation E4 into Equation E5 produces the equation for the impact 
angle estimate for unconfined AV on straight segments: 
 
θ = arccos [






E2 Derivation of Unconfined Impact Angle on Curved Segment 
The annotated, worst-case impact scenario on an unconfined curved segment is 
shown in Figure E-2, wherein Rout is the outer radius of the curve, equal to the curve 
radius plus half the roadway width (ft), Δturn and Mturn are the deflection angle and middle 
ordinate of the inner tire path (ft), Δcurve and Mcurve are the deflection angle and middle 
ordinate of the outer roadway curve (ft), C is one-half the chord length (ft), Ecurve is the 
external distance of the outer roadway curve (ft), and θ is the estimated impact angle. 
 




The middle ordinate of the outer roadway curve and the inner tire path are determined in 
Equations E7 and E8, respectively: 
 





 Mturn = Wt −Wv −Mcurve (E8) 
The external distance of the outer roadway curve is calculated in Equation E9: 
 
Ecurve = Routsec (
∆curve
2
) − Rout (E9) 
 The deflection angle swept by the inner tire path is calculated in Equation E10: 
 
∆turn= 2arccos (




The half-chord length is calculated in Equation E11: 
 





Figure E-2 demonstrates the governing relationship for estimating the impact 










 Also demonstrated in Figure E-2 is the relationship between the deflection angles, 










To determine the impact angle estimate, an initial estimate for Δcurve must first be 
made. Then, Equations E7 through E11 are evaluated and input into Equation E12. If 
Equation E12 is not satisfied, the estimate is increased incrementally until the error of 
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Equation E12 is negligible. At that point, Equation E13 is evaluated for the impact angle 
estimate. 
E3 Sample Calculation of Unconfined Impact Angle on Curved Segment 
The calculation of the unconfined impact angles of the Aurrigo Pod-Zero are 
provided herein to demonstrate the estimation methodology. The relevant parameters are 
listed in Table E-1. 
























8.2 4.8 21.0 15 9.6 100 104.8 
 
First, the minimum turn radius and radius adjustment are determined. As the 
friction turn radius is a function of the vehicle’s velocity, a velocity must first be 
estimated. The overall maximum operating speed of the Pod-Zero is 15 mph. Assuming 





















 = 21.0 ft 
(E14) 
The turning capability of the Pod-Zero is therefore limited by the vehicle’s 
turning capability, rather than by friction. As such, the minimum turn radius is measured 
to the outer tire path, so the radius adjustment is equal to the vehicle width, per Equation 
E2. The impact angle of the Pod-Zero on straight segments is calculated as follows: 
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(21 ft − 4.8 ft) − (9.6 ft − 4.8 ft)
(21 ft − 4.8 ft)






(90.6°) = 45.3° 
(E17) 
As outlined in Section E3, estimating the unconfined impact angle on curved 
segments requires iteration. For the first iteration, the deflection angle swept by the outer 
curve radius is estimated at 4 degrees. This initial estimate should always be used, as for 
the entire envelope of unconfined vehicle dimensions, the minimum value for this 
parameter is roughly 4.3 degrees. The first iteration is carried out as follows: 
 
Mcurve = 104.8 ft − (104.8 ft)cos (
4°
2
) = 0.06 ft 
(E18) 
 Mturn = 9.6 ft − 4.8 ft − 0.06 ft = 4.74 ft (E19) 
 
Ecurve = (104.8 ft)sec (
4°
2




21 ft − 4.8 ft − 4.74 ft
21 ft − 4.8 ft
) = 89.95° 
(E21) 
 
C = (21 ft − 4.8 ft)sin (
89.95°
2






) = 0.035] ≠ [




As the error in Equation E23 is significant, the estimate for Δcurve must be 
increased significantly. With further iteration, the error in Equation E23 grows smaller, 
until a negligible error is achieved. The final iteration, with a Δcurve estimate of 11.9 
degrees, is shown below: 
 
Mcurve = 104.8 ft − (104.8 ft)cos (
11.9°
2





 Mturn = 9.6 ft − 4.8 ft − 0.56 ft = 4.24 ft (E25) 
 
Ecurve = (104.8 ft)sec (
11.9°
2




21 ft − 4.8 ft − 4.24 ft
21 ft − 4.8 ft
) = 84.8° 
(E27) 
 
C = (21 ft − 4.8 ft)sin (
84.8°
2






) = 0.104] ≈ [
0.56 ft + 0.57 ft
10.9 ft
] = 0.104 
(E29) 





) 11.9° + (
1
2
















F1 Derivation of Strength-Based Critical Speed 























To determine the critical speed at which the capacity of the barrier is met, the 




















Wv(1 − cosθ)] (F3) 
wherein mv is the mass of the vehicle (slugs). 
F2 Derivation of Stability-Based Critical Speed 
The governing relationship for vehicle stability is Equation F4: 
 





wherein Hcritical is the critical barrier height required to maintain vehicle stability (ft) and 
B is the out-to-out wheel spacing (ft). Replacing the peak lateral force with Equation F1 
results in Equation F5: 
 








Equating the critical required height to the actual height of the existing barrier sets 












Solving Equation F6 for the critical stable velocity and accounting for the overlay 







2(G − H − Hoverlay)sin
2θ
 (F7) 
F3 Derivation of Geometry-Based Critical Speed 







For a vehicle travelling on a curve without superelevation, the centripetal force 
must be provided by friction between the tires and the running surface. Applying 








wherein mv is the vehicle mass (slugs), g is the gravitational constant, µ is the tire-to-
pavement friction coefficient, Vcurve is the maximum operating speed (fps) the vehicle can 
maintain throughout a curve with centerline radius Rcurve (ft). Solving Equation F9 results 
in the critical velocity limited by friction and roadway geometry, Equation F10: 
 Vcurve = √μgRcurve (F10) 
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F4 Sample Calculation of Safe Operating Speed for Sample Vehicle 
To demonstrate the overall methodology, the maximum operating speed on the 
South Line for a sample vehicle, the EasyMile EZ10, is calculated in detail below. The 
relevant vehicle parameters are shown in Table F-1. 







































6.6 5.5 3.0 2.0 28.75 24.9 17.6 16.5 
Note: calculations correspond to an estimated overlay depth of 3 in. 
The overall minimum curve radius on the South Line is 100 ft. Thus, the impact 
angle on a 100-ft curve is used for critical stability- and geometry-based operating 
speeds. However, the minimum curve radius with an expansion joint on the South Line is 
150 ft. As such, the 150-ft curve impact angle is used for calculating the critical speed 
limited by barrier strength. Using the process described in Section 4.1 and Appendix D, 
the impact angles on 100-ft and 150-ft curves are estimated at 17.6 degrees and 16.5 
degrees, respectively. The capacity of the barrier on the South Line is constant between 
curved and straight segments, but is minimized at expansion joints. At these locations, the 
barrier acts as a free end, with a factored resistance of 27.3 kips, limited by punching 










∙ √(6.6 ft)sin(16.5°) −
6.5 ft
2
[1 − cos(16.5°)] ≈ 35 mph 
(F11) 
 










2[3 ft − (2.4 ft − 0.25 ft)]sin2(17.6°)
≈ 31 mph 
(F12) 
 
The critical speed limited by tire-to-pavement friction and curve radius is 
calculated as: 
 
Vcurve = √0.70 (32.2 
fps
s
) (100 ft) ≈ 32 mph (F13) 
 
The maximum operating speed capability of the AV is: 
 VAV = 30 mph (F14) 
 
The overall safe operating speed for the EasyMile EZ10 on the South Line is 






Vstrength ≈ 35 mph 
Vstability ≈ 31 mph  
Vcurve ≈ 32 mph       
VAV = 30 mph           
= 30 mph 
(F15) 
  
